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The  2003  Particle  Accelerator  Conference 

The  twentieth  biennial  Particle  Accelerator  Conference  on  Accelerator  Science  and 
Technology  was  held  May  12-16,  2003  at  the  Hilton  Hotel  in  Portland,  Oregon.  The 
Stanford  Linear  Accelerator  Center  and  the  Lawrence  Berkeley  National  Laboratory 
orpnized  PAC  2003,  and  it  was  held  under  the  auspices  of  the  Nuclear  and  Plasma 
Sciences  Society  of  the  Institute  of  Electrical  and  Electronics  Engineers  and  the  Division 
of  Physics  of  Beams  of  the  American  Physical  Society.  The  attendance  was  1025 
registrants  from  21  countries.  These  Proceedings  present  195  papers  from  the  nearly  225 
invited  and  contributed  orals,  as  well  as  925  papers  from  the  poster  sessions. 

The  primary  purpose  of  Particle  Accelerator  Conferences  is  to  provide  a  forum  for 
communication  and  exchange  of  ideas  among  accelerator  scientists  and  engineers.  This 
purpose  was  well  served  at  PAC  2003  by  the  program  of  invited  and  contributed  papers 
and  through  the  informal  interactions  made  possible  by  the  hospitality  and  ambience  of 
the  Hilton  Hotel  and  Portland. 

The  Program  Committee  was  co-chaired  by  Alan  Jackson  and  Ed  Lee.  The 
program  they  arranged  had  opening  and  closing  plenary  sessions  that  covered  the  most 
important  accomplishments,  opportunities,  and  applications  of  accelerators.  During  the 
remainder  of  the  conference  there  were  parallel  sessions  with  oral  and  poster 
presentations.  In  addition,  there  was  an  industrial  exhibit  during  the  first  three  days. 

The  social  program  began  on  Sunday  evening  with  a  reception  for  conference 
participants.  The  banquet,  which  was  on  Thursday  evening,  featured  the  jazz  of  the 
Leonard  Webb  Quartet. 

There  was  a  special  session  Wednesday  afternoon  for  presentations  by  some  of 
the  award  winners  honored  at  the  conference.  This  was  followed  by  an  enjoyable  awards 
ceremony  and  reception  sponsored  by  the  IEEE  Nuclear  and  Plasma  Sciences  Society  and 
the  APS  Division  of  Physics  of  Beams.  The  honorees  were: 

APS  Robert  R.  Wilson  Prize 
Helen  T.  Edwards  (Fennilab) 

lEEE/NPSS  Particle  Accelerator  Science  and  Technology  Awards 
Stephen  Milton  (Argonne  National  Laboratory) 

Keith  Symon  (University  of  Wisconsin) 

lEEE/NPSS  Early  Achievement  Award 
Simon  Cooke  (Naval  Research  Laboratory  &  SAIC) 

APS  Award  for  Outstanding  Doctoral  Thesis  Research  in  Beam  Physics 
David  Pritzkau  (Big  Bear  Networks,  Inc.,  &  SLAC) 

US.  Particle  Accelerator  School  Prize  for  Achievement  in  Accelerator  Physics  and  Technology 
Martin  Reiser  (University  of  Maryland) 

Sami  Tantawi  (SLAC) 

APS  Fellowships 

Stephen  Benson  (TJNAF)  Alan  Jackson  (LBNL) 

Yu- Jinan  Chen  (LLNL)  Stephen  Milton  (Argorme  Nat'l  Lab) 

Ralph  Fiorito  (Catholic  Univ.  of  America)  Nikolai  Mokhov  (Fermilab) 

Donald  Prosnitz  (US  Dept,  of  Justice) 

In  addition,  the  winners  of  the  student  travel  awards  sponsored  by  the  National  Science 
Foundation,  the  IEEE  NPSS,  and  the  APS  DPB  were  recognized. 
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PAC  2003  was  a  success  because  of  the  efforts  of  many  people.  Maura  Chatwell  and 
Adnenne  Higashi  coordinated  the  conference  and  handled  all  the  arrangements.  Joy 
Kono  and  Anna  Smith  provided  essential  support  for  the  program,  and  Sara  Webber  was 
invaluable  m  producing  these  proceedings.  I  would  like  to  give  my  thanks  to  them  and  to 
the  other  members  of  the  Local  Organizing  Committee,  the  JACoW  Editorial  Staff,  the 
Proceedings  Staff,  the  Computing  and  Networking  Staff,  and  the  Registration  Staff  T^eir 
hard  work,  dedication,  and  congeniality  made  PAC  2003  a  pleasant  and  rewarding 
experience. 

Bob  Siemann 

Chair,  2003  Particle  Accelerator  Conference 


LOCAL  ORGANIZING  COMMITTEE 


Robert  Siemann,  SLAC,  Conference  Chair 
Maura  Chatwell,  SLAC,  Conference 
Coordinator 

Adrienne  Higashi,  SLAC,  Conference 
Coordination  &  Industrial  Exhibits 
Laurie  Escudero,  SLAC,  Finance 
James  Spencer,  SLAC,  Travel  Awards 
Terry  Anderson,  SLAC,  Graphics 
Ruth  McDunn,  SLAC,  WWW  Support 
Sara  Webber,  FNAL,  Editorial  Support 
Stephanie  Santo,  SLAC,  Satellite  Meetings 


Edward  Lee,  LBNL,  Program  Co-Chair 
Alan  Jackson,  LBNL,  Program  Co-Chair 

Joe  Chew,  LBNL,  Proceedings  and  Computing 

Joy  Kono,  LBNL,  Program  Administrator 
Aima  Smith,  LBNL,  Program  Support 
Kathleen  Weber,  LBNL,  Program  Support 
Vik  Bhatia,  LBNL,  Database  Management 
Matt  Arena,  FNAL,  Database  Management 
Hannah  Siemann,  Conference  Support 


JACoW  EDITORIAL  STAFF 


Matt  Arena,  FNAL 
Jan  Chrin,  PSI 
Martm  Comyn,  TRIUMF 
Cathy  Eyberger,  ANL 
Charlie  Horak,  ORNL 


Allison  Lavis,  FNAL 
Lief  Liljeby,  MSL 
Peter  Lucas,  FNAL 
Michaela  Marx,  DESY 
Christine  Petit- Jean-Genaz, 
CERN 


JeffPatton,  ORNL 
John  Poole,  CERN 
Alicia  Seifiid,  FNAL 
Toshiya  Tanabe,  RIKEN 
Sara  Webber,  FNAL 


PROCEEDINGS  OFFICE  STAFF 

Kymba  A’Heam,  LBNL  Martha  Condon,  LBNL  Cathy  Vanecek,  LBNL 


COMPUTING  AND  NETWORKING  STAFF 

John  Christman,  LBNL  Tom  Gallant,  LBNL 


Linda  Ahlf,  SLAC 

Nicole  Brown-Sinkler,  TJNAF 

John  Escudero,  SLAC 


REGISTRATION  STAFF 

Vickee  Flynn,  SLAC 
Myra  Fultz,  ORNL 
Donna  Gilchrist,  TJNAF 
Ann  Jordan,  ORNL 


Lori  Lane,  ORNL 
Kathy  Rosenbalm,  ORNL 
Lorraine  Stanford,  LANL 


PAC2003  ORGANIZING  COMMITTEE 

Robert  Siemann,  SLAC,  Chair 


W.  A.  Barletta,  LBNL 

I.  Ben-Zvi,  BNL 

B.  Brown,  NPSS,  FNAL 

J.  Cary,  Colorado 

S.  Chattopadhyay,  TJNAF 
Y.  Cho,  ANL 

L.  Costrell,  NIST 

M.  K.  Craddock,  TRIUMF, 

UBC 


G.  Dugan,  Cornell 

D.  A.  Finley,  FNAL 

N.  Holtkamp,  ORNL 
A.  Jackson,  LBNL 
G.  P.  Jackson,  HBAR  Tech 

R.  Kustom,  ANL 
J.  L.  Laclare,  Saclay 
Won  Namkung,  POSTECH 


P.  O'Shea,  Maryland 
N.  Phinney,  SLAC 

C.  W.  Roberson,  ONR 

R.  Ruth,  DPB,  SLAC 

S.  O.  Schriber,  LANL 
B.  Strauss,  DOE 

D.  F.  Sutter,  DOE 
A.  Todd,  AES 

W.  T.  Weng,  BNL 


PAC2003  PROGRAM  COMMITTEE 

Alan  Jackson  &  Edward  Lee,  LBNL,  Co-Chairs 


C.  Adolphsen,  SLAC 
W.  Barletta,  LBNL 

J.  Barnard,  LLNL 

S.  Biedron,  ANL,  MaxLab 

E.  Blackmore,  TRIUMF 

D.  Bruhwiler,  Tech-X 
G.  Caporaso,  LLNL 

C.  Celata,  LBNL 
Y.  Chen,  LLNL 
Y.  Cho,  ORNL 

P.  Debenham,  DOE 
G.  Decker,  ANL 
M.  deJong,  Saskatoon 
G.  Dugan,  Cornell 
G.  Dutto,  TRIUMF 
P.  Emma,  SLAC 

D.  Finley,  FNAL 

K.  Flottmann,  DESY 
J.  Galambos,  ORNL 

E.  Gluskin,  ANL 
J.  Haines,  ORNL 


K.  Harkay,  ANL 

S.  Henderson,  ORNL 
1.  Hofmann,  GSI 

A.  Hutton,  TJNAF 
G.  Jackson,  HBAR-Tech 

T.  Katsouleas,  USC 

R.  Kishek,  Maryland 
G.  Krafft,  TJNAF 

F.  Krawczyk,  LANL 

S.  Kurokawa,  KEK 

V.  Lebedev,  FNAL 

W.  McDowell,  ANL 
S.  Mishra,  FNAL 

G.  Neil,  TJNAF 

P.  O’Shea,  Maryland 

R.  Pasquinelli,  FNAL 

S.  Peggs,  BNL 
M.  Plum,  LANL 

M.  Poole,  Daresbury  Lab 

T.  Raubenheimer,  SLAC 
A.  Regan,  LANL 


L.  Rivkin,  PSI 
D.  Rubin,  Cornell 

F.  Ruggiero,  CERN 

R.  Ruth,  SLAC,  Vice-Chair 
R.  Ryne,  LBNL 

J.  Seeman,  SLAC 
T.  Shea,  ORNL 

K.  Shepard,  ANL 
J.  Sherman,  LANL 
C.  Sinclair,  Cornell 

C.  Steier,  LBNL 

M.  Stockli,  ORNL 
B.  Strauss,  DOE 

D.  Sutter,  DOE 

N.  Toge,  KEK 

J.  Tompkins,  FNAL 
W.  Waldron,  LBNL 
P.  Wanderer,  BNL 
J.  Weis,  BNL 
Y.  Yamazaki,  JAERI 
R.  York,  MSU 


EDITOR’S  NOTE 


The  1 150-paper  Proceedings  that  you  are  reading  was  the  work  of  many  hands.  As  the 
nominal  conference  editor,  I  am  deeply  aware  of  how  much  I  owe  to  others,  so  besides 
the  people  named  by  conference  chair  Bob  Siemann,  I  would  like  to  particularly  thank 
my  editorial  team. 

Sara  Webber  not  only  brought  diligence  and  skill  to  our  editorial  and  publication 
functions  per  se  but  also  proved  to  be  an  invaluable  reservoir  of  the  PAC  2001 
knowledge  base,  advising  and  training  us  on  paper  reception,  the  final  planning  meeting 
of  the  Program  Committee,  and  other  key  behind-the-scenes  tasks.  She  moved  on  to 
another  assignment  after  the  end  of  our  conference  but  continues  to  give  us  key  assistance 
at  the  culmination  of  the  editorial  process.  Her  Fermilab  colleague  and  PAC  2001  co¬ 
editor  Peter  Lucas  stepped  forward  to  lead  the  large  effort  involved  in  turning  so  many 
manuscripts  into  well-organized  and  professional-looking  books  and  CDs,  with  assistance 
through  the  summer  from  Alison  Lavis  and  Alicia  Seifrid.  Sara  and  Peter  have  truly  been 
my  co-editors  in  this  endeavor,  which  it  has  been  my  good  fortune  to  “lead”  by  figuring 
out  where  they  were  going  and  attempting  to  keep  up. 

The  conference  also  owes  a  tremendous  debt  of  gratitude  to  their  fellow  members 
of  the  Joint  Accelerator  Conferences  Website  group  (JACoW,  described  at 
http;//accelconf  web.cem.ch/AccelConf/index.html).  For  several  years  now,  JACoW  has 
promulgated  standards,  provided  common  resources,  and  hosted  online  proceedings  for 
several  of  the  major  particle-accelerator  conferences.  What’s  more,  a  dozen  or  so 
members  of  this  worldwide  group  travel  to  each  conference  -  no  small  favor  on  the  part 
of  either  themselves  or  their  home  institutions.  Their  services  let  us  perform  most  of  the 
editing  (by  which  we  primarily  mean  compliance  checking  and  format  normalization 
rather  than  language  editing)  and  a  fair  bit  of  the  quality  assurance  in  real  time.  Editing 
during  the  conference  is  by  far  the  best  approach,  since  most  problems  are  minor  and  can 
be  either  resolved  by  consultation  with  the  author  or  easily  remedied  using  the  bank  of 
computers  provided. 

The  JACoW  editors  bring  us  vast  experience  in  both  the  subject  matter  and  the 
technical  aspects  of  turning  out  papers  of  uniform  and  high-quality  appearance — a 
considerable  task,  as  the  manuscripts  originated  in  either  of  two  very  different  programs. 
Word  and  LaTeX,  on  any  of  several  combinations  of  hardware  and  operating  system,  and 
then  pass  through  two  or  three  other  programs  before  completion.  Working  with  these 
people  has  been  not  only  a  fine  professional  experience  but  also  a  pleasure. 

So  besides  Sara  and  Peter,  thanks  are  due  to  Jan  Chrin  (PSI);  Martin  Comyn 
(TRIUMF);  Cathy  Eyberger  (Argonne);  Charlie  Horak  (Oak  Ridge),  my  successor  for 
PAC  2005;  Leif  Liljeby  (MSL);  Michaela  Marx  (DESY);  Christine  Petit-Jean-Genaz  and 
John  Poole  (CERN);  and  Toshiya  Tanabe  (RIKEN).  I  benefitted  greatly  from  the  help, 
appreciated  the  lengths  they  went  to  in  order  to  provide  it,  and  hope  to  reciprocate  in  ’ 
future  JACoW  endeavors. 

JACoW  provides  technical  services  too,  notably  including  an  interactive  database 
for  accepting  and  managing  abstracts  and  manuscripts.  This  database  in  its  present  form 
is  largely  the  work  of  Matt  Arena  at  Fermilab  (who  has  meanwhile  been  developing  its 
next-generation  replacement)  and  was  operated  by  Vik  Bhatia  and  his  staff  at  Berkeley 
Lab.  Jeff  Patton  of  Oak  Ridge,  who  will  be  handling  the  database  at  PAC  2005,  studied 
the  operation  and  discovered  a  talent  for  editing  as  well. 


Data  connections  between  the  conference  venue  and  the  manuscript  and  registration 
servers  at  the  sponsoring  laboratories  (hundreds  of  miles  away  in  our  case)  are  crucial  to 
these  conferences.  Fortunately,  on  the  other  end  of  my  walkie-talkie  was  network 
engineer  John  Christman.  He  came  with  years  of  expertise;  a  van-load  of  everything  we 
knew  we’d  need  and  a  few  things  we  ended  up  being  glad  he’d  brought  anyway;  and 
complete  unflappability  when  we  needed  more  cables  than  originally  planned  or  had  to 
isolate  a  faulty  piece  of  someone  else’s  equipment  in  parts  of  a  hotel  even  Arthur  Hailey 
wouldn’t  know  about.  In  the  user  area,  Tom  Gallant,  along  with  Matt,  put  a  friendly  face 
on  technical  competence,  helping  hundreds  of  people  through  the  trials  of  performing 
difficult  tasks  on  unfamiliar  computers. 

Alice  Ramirez  of  LBNL’s  Technical  and  Electronic  Information  Department  gave 
me  timely  expertise  in  art  and  layout,  just  as  she  has  on  so  many  projects  over  the  years. 

Finally,  no  list  of  unsung  heroes  of  the  program  side  of  the  conference  would  be 
complete  without  the  administrative  staff  at  the  venue  and  back  home  at  Berkeley,  who 
showed  such  a  combination  of  efficiency  and  courtesy  throughout  the  planning  and 
execution  phases:  Kymha  A’Heam,  Martha  Condon,  Kathleen  Erickson- Weber,  Anna 
Smith,  and  Cathy  Vanecek,  under  the  leadership  of  program-committee  administrator  Joy 
Kono.  Even  at  those  moments  when  it  must  have  seemed  like  keeping  a  pile  of  leaves 
organized  in  a  tornado,  they  not  only  did  a  good  job  but  took  it  alt  in  stride. 

Thanks,  good  work,  and  ‘til  next  time,  everyone. 

Joe  Chew 
Editor,  PAC  2003 
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ATTENDEES 


Editor’s  Note:  This  information  was  drawn  from  the  registration  database.  Many  attendees  gave 
what  seemed  to  be  home  addresses.  Therefore,  to  err  on  the  side  of  safety  with  regard  to  privacy, 
we  omit  mailing  addresses  and  give  only  institutional  affiliations.  E-mail  addresses,  also,  are  as 
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Opening  Plenary 


Paul  Schmor  {top  left),  Sekliar  Mishra  {top  right), 
Norbert  Holtkamp  {above  left),  and  Walter  Henning 
{above  right)  open  the  conference  in  plenary  session 
on  Monday  morning. 
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Awards  Banquet 


Edwards:  “For  her  pivotal  achievement  and 
critical  contribution  as  the  leader  in  the  design, 
construction,  commission,  and  operation  of  the 
Tevatron  and  for  her  continued  contributions  to 
the  development  of  high  gradient  super¬ 
conducting  linear  accelerators  as  well  as  bright 
and  intense  electron  sources.  ” 


Left.  Award  presenter  Alex  Dragt  looks  on  as 
Helen  Edwards  prepares  to  give  her  talk  upon 
receiving  the  Robert  R.  Wilson  Prize.  It  is 
awarded  by  the  American  Physical  Society  to 
recognize  and  encourage  outstanding  achievement 
in  the  physics  of  particle  accelerators.  The  prize  is 
sponsored  by  the  APS  Division  of  Physies  of 
Beams  and  Division  of  Partieles  and  Fields,  and 
by  the  friends  of  R.R.  Wilson. 

Below:  Ed  Hoffman  presents  Stephen  Milton 
{below  left)  and  Keith  Symon  with  the  Particle 
Accelerator  Seienee  and  Technology  Award.  PAC 
gives  the  award  on  behalf  of  the  IEEE  Nuelear  and 
Plasma  Sciences  Society,  sponsor  of  the  award. 
Two  awards  are  given  to  recognize  outstanding 
contributions  to  the  development  of  particle 
accelerator  technology. 


Symon  (below,  at  leftj;  “For  many  fundamental 
accelerator  concepts  which  include  invention  of 
Fixed  Field  Alternating  Gradient  Accelerators 
(FFAG),  most  notably  incorporated  into  spiral 
sector  cyclotrons:  for  defining  a  formalism 
describing  motion  under  the  influence  of  RF  as 
required  for  stacking  and  other  particle 
manipulations:  and  for  techniques  for  analyzing 
collective  instabilities.  ” 


Milton  ('above,  at  leftj.'  “For  contributions  to  coherent 
radiation  sources,  especially  his  leading  role  in 
achieving  saturated  operation  at  visible  and  ultraviolet 
wavelengths  in  a  self-amplified  spontaneous  emission 
free-electron  laser.  ” 
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APS  Award  for  Outstanding  Doctoral  Thesis  Research  in  Beam  Physics 


Alex  Dragt  {below  right)  congratulates  David  Pritzkau  for  doctoral  thesis  research  of 
outstanding  quality  and  achievement  in  beam  physics  and  engineering.  The  award  was 
established  in  1990  by  the  APS  Division  of  Physics  of  Beams  and  is  supported  by 
Brookhaven  Science  Associates  and  Universities  Research  Association. 


“For  an  experimental 
study  of  the  effects  of 
surface  heating  due  to 
high-power  pulsed  RF. 
The  experiment 
established  a  limit  on 
maximum  surface 
magnetic  field  and 
through  it  one  limit  on 
achievable  accelerating 
gradient.  ” 


U.S.  Particle  Accelerator  School  Prize  for  Achievement 
in  Accelerator  Physics  and  Technology 

The  US  Particle  Accelerator  School  honors  individuals  by  recognizing  their  outstanding 
achievements  over  the  full  range  of  accelerator  physics  and  technology.  The  awards  are 
made  possible  by  donations  from  the  Brookhaven  Science  Associates,  Southeastern 
Universities  Research  Association,  the  Universities  Research  Association,  and  John 
Wiley  and  Sons  Publishers.  This  year  S.Y.  Lee  of  Indiana  University  presented  the  award 
to  Sami  Tantawi  and  Martin  Reiser. 


Sami  Tantawi  {center) 

“For  his  contribution  to  the  theory 
and  technology  of  rf  components 
for  the  production  and  distribution 
of  very  high  peak  rf  power,  with 
particular  application  to  pulse 
compression  systems  for  high- 
gradient  linear  colliders.  ” 
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Martin  Reiser 

“For  his  seminal  contributions  on 
the  physics  of  high  intensity 
beams,  and  for  his  life-long 
accomplishments  In  technology, 
research,  community  leadership, 
and  education  In  the  physics  of 
beams. " 


Newly  Elected  Fellows  of  the  American  Physical  Society 


Presenter  Alex  Dragt  (far  left)  welcomes  the  newly  elected  Fellows.  From  left  to  right.' 

Nikolai  V.  Mokhov,  Fermi  National  Accelerator  Laboratory 

For  critical  contributions  to  the  understanding  of  the  interaction  of  high  energy  particle  beams  with 
materials.” 

Stephen  Val  Milton,  Argonne  National  Laboratory 

“For  the  development  of  3'^'*  and  4*^  generation  light  sources  including  the  first  demonstration  of  saturation  of 
self-amplified  spontaneous  emission  (SASE)  in  the  visible  and  ultraviolet  wavelengths.” 

Alan  Jackson,  Lawrence  Berkeley  National  Laboratory 

“For  pioneering  work  in  the  development  and  construction  of  3'^  generation  synchrotron  radiation  sources.” 

Ralph  Bruno  Fiorito,  Catholic  University  of  America 

“For  pioneering  contributions  to  the  understanding  and  application  of  transition  radiation,  diffraction  radiation 
and  parametric  x-radiation.” 

Yu-Jiuan  Chen,  Lawrence  Livermore  National  Laboratory 

For  revolutionizing  the  achievable  beam  quality  of  linear  induction  accelerators  and  advancing  the  state-of- 
the-art  of  flash  x-ray  radiographic  technology.” 

Stephen  Vincent  Benson,  Thomas  Jefferson  National  Accelerator  Facility 

For  critical  contributions  to  the  development  of  free-electron  lasers,  including  the  first  demonstration  of 
lasing  at  harmonics  and  of  multi-kilowatt  lasing  with  an  energy  recovered  linac.” 

Donald  Prosnitz,  United  States  Department  of  Justice  (not  depicted) 

“For  major  contributions  to  physics  and  society  spanning  fundamental  physics  research  to  national  security 
and  law  enforcement  technologies,  including  pioneering  technical  contributions  to  the  development  of 
Free  Electron  Lasers.” 
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student  Travel  Awards 


The  National  Science  Foundation,  APS/DPB  and  lEEE/NPSS  sponsored  grants  to  help  worthy 
students  defray  their  travel  costs.  The  APS/DPB  and  lEEE/NPSS  grants  were  awarded  in  honor  of 
two  people  who  have  made  many  contributions  to  the  accelerator  community.  The  DPB  grants  honor 
Mel  Month  for  his  dedication  to  students  and  education,  and  the  NPSS  grants  honor  Lou  Costrell  for 
his  nurturing  of  the  Particle  Accelerator  Conferences.  The  awards  included  a  complimentary  one- 
year  student  membership  in  the  sponsoring  professional  society. 


Award  Presenters 


Bruce  Brown,  Alex  Dragt,  Ed  Hofmann  (together,  left  to  right),  and  Matt  Allen  were 
the  masters  of  ceremonies  at  the  awards  banquet. 
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Conference  officials  and  visiting  dignitaries  were 
among  the  head-table  guests. 
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HIGH  LUMINOSITY  OPERATION  OF  THE  FERMILAB  ACCELERATOR 
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S.  Mishra^,  Fermilab,  Batavia,  IL  60510,  USA 


Abstract 

Run-II  at  Fermilab  is  progressing  steadily.  In  the  Run-II 
scheme,  36  antiproton  bunches  collide  with  36  proton 
bunches  at  the  CDF  and  DO  interaction  regions  in  the 
Tevatron  at  980  GeV  per  beam.  The  current  status  and 
performance  of  the  Fermilab  Accelerator  complex  is 
reviewed.  The  plan  for  Run-II,  accelerator  upgrades  and 
integration  of  the  Recycler  in  the  accelerator  chain  will  be 
presented. 

INTRODUCTION 

The  Fermilab  is  the  highest  energy  colliding  beam 
accelerator  in  the  world.  It  will  remain  so  till  the  tum-on 
of  the  LHC.  The  accelerator  complex  is  running  with  the 
new  Main  Injector  and  upgraded  proton  source  that 
consists  of  the  Linac  and  Booster,  an  upgraded  Antiproton 
source,  and  the  Tevatron.  The  commissioning  of  the 
Recycler  continues.  The  collider  physics  program  is 
making  steady  progress  with  two  upgraded  detectors  and 
increasing  luminosity.  This  paper  will  give  a  brief 
introduction  to  the  accelerator  complex  and,  present  the 
performance,  issues  and  upgrade  plans  for  the 
accelerators.  We  will  also  present  the  collider 
performance  and  exciting  physics  results  from  the  two 
experiments. 

ACCELERATOR  COMPLEX 

Figure  1  shows  the  schematic  view  of  the  Fermilab 
accelerator  complex  with  the  newly  commissioned  Main 
Injector  and  Recycler.  The  proton  production  cycle  starts 
at  the  Crockoft- Walton.  The  Crockoft- Walton  accelerates 
H'  ions  to  750  KeV  and  injects  them  into  the  Linac.  The 
linac  accelerates  the  H"  ions  to  400  MeV.  The  H'  ions  are 
stripped  and  injected  into  the  Booster.  Protons  are 
accelerated  in  the  Booster  to  8.9  GeV/c  in  33  msec  and 
transferred  to  Main  Injector  using  an  8.9  GeV/c  transfer 
line  built  using  permanent  magnets.  In  the  Main  Injector 
the  protons  are  accelerated  from  8.9  GeV/c  to  120  GeV/c 
in  1.5  sec  and  sent  to  the  pbar  production  target.  For 
Tevatron  operation  the  Main  Injector  accelerates  5-7 
bunches  of  protons  to  150  GeV/c,  coalesces  them  into  one 
bunch,  and  transfers  the  bunch  to  the  Tevatron. 

At  present.  Main  Injector  accelerates  about  5xl0'^ 
protons  to  120  GeV/c  every  2.4  sec  and  extracts  it  to  a 
nickel  production  target.  A  lithium  lens  operating  at  760 
Tesla/meter  downstream  of  the  antiproton  production 
target  focuses  85x10®  antiprotons  at  8.9  GeV/c.  These 
antiprotons  are  collected,  stored  and  stochastically  cooled 
in  the  Debimcher  and  Accumulator  (using  the  stacking 
lattice).  When  stack  reaches  somewhere  between  100- 
150el0  anti-protons  and  the  Tevatron  is  ready  for  the  next 
store,  the  8.9  GeV/c  antiprotons  are  extracted  from  the 


Accumulator  (using  the  shot  lattice),  and  injected  in  to  the 
Main  Injector.  The  Main  Injector  accelerates  the 
antiprotons  to  150  GeV  using  the  53  MHz  rf  system, 
coalesces  them,  and  transfers  them  to  the  Tevatron. 

FermilabTevatron  Accelerator  With  Main  injector 


Accimubbar  (8  QeV) 
D«buiKher(B  Q0V) 


Figure  1.  Schematic  layout  of  the  Fermilab  Accelerator 
complex. 

The  Tevatron  accelerates  both  protons  and  antiprotons 
from  150  GeV  to  980  GeV  on  helical  orbits  and  collides 
them  at  the  BO  and  DO  interaction  regions. 

Major  changes  to  accelerator  between  Run-I  and  Run-II 
are;  a)  Rapid  cycling  Main  Injector  replaced  Main  Ring, 
b)  Antiproton  source  and  Tevatron  were  upgraded  to 
handle  higher  intensity,  c)  the  number  of  proton  and  pbar 
bunches  have  been  increased  from  6  to  36,  with  a  crossing 
time  of  396  nsec,  d)  the  Tevatron  collision  energy  has 
increased  from  1.8  TeV  to  1.96  TeV,  and  e)  The  Recycler 
a  new  permanent  magnet  8.9  GeV/c  storage  ring  for 
antiproton  accumulation  was  added  and  is  now  being 
commissioned. 

PROTON  SOURCE 

The  Proton  Source  is  made  up  of  the  Crockoft- Walton, 
Linac,  and  Booster.  The  performance  of  these  accelerators 
is  excellent  and  the  Booster  is  accelerating  higher 
intensity  proton  beams  to  8.9  GeV/c  for  Run-II  and  the 
MiniBooNE  experiment  [1].  Figure  2  show  the  intensity 
and  beam  loss  plot  for  the  33  msec  Booster  acceleration 
cycle.  There  is  a  loss  of  beam  in  first  few  msec  at  the 
injection  energy  and  early  in  the  acceleration  cycle.  This 
loss  is  attributed  to  space  charge  effects,  momentum 
spread  and  lattice  issues.  There  is  a  small  loss  of  beam  at 
transition  energy  as  shown  by  an  increase  in  the  loss 
monitor  readings  (red  curve  in  Figure  2). 

Linac  and  Booster  are  routinely  delivering  250k  pulses 
in  24  hours  with  an  average  repetition  rate  of  3  Hz  and 
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peak  rate  of  5  Hz.  The  total  intensity  delivered  is  being 
limited  by  losses,  which  lead  to  activation  in  the  Booster 
tuimel.  Booster  delivers  4-5el6  protons  per  hour  to  users. 

Physics  issues  that  are  being  addressed  includes  a)  the 
space  charge  effect  at  injection,  b)  emittance  preservation 
through  the  ramp,  and  c)  better  understanding  of  the 
injection  lattice. 


Figure  2.  Beam  intensity  and  losses  through  the  Booster 
acceleration  cycle.  Green  line  is  proton  intensity,  blue  and 
red  are  loss  monitor  readings. 


The  optics  of  the  Booster  is  significantly  perturbed  by 
the  edge  focusing  of  the  injection  and  extraction  orbit 
bumps  [2].  There  is  a  sizable  dispersion  error  at  injection 
in  the  Booster.  It  has  been  calculated  and  measured  that 
the  injection  “Or-Bump”  and  the  “dog-leg”  around  the 
extraction  septum  is  contributing  to  this  error. 

Increasing  the  proton  intensity  and  reducing  the  loss  of 
beam  in  the  Booster  tunnel  is  the  main  emphasis  of  the 
Proton  Source  Department.  Several  projects  including  a) 
Longitudinal  Dampers,  b)  transition  jump  system,  c) 
ramped  corrector  to  control  the  orbit  and  improve 
aperture,  d)  ramp  monitor  program,  and  e)  larger  aperture 
RF  cavities. 

MAIN  INJECTOR 

The  Main  Injector  was  commissioned  in  1999  and  has 
been  supporting  the  Fermilab  physics  program  since  that 
time.  Main  Injector  has  achieved  most  of  its  design  goals 
and  the  main  emphasis  continues  to  be  on  improving  the 
quality  of  beam  [3].  Recent  development  includes  a) 
lattice  matching  between  injection  and  extraction  lines  to 
Main  Injector  to  preserve  emittances,  b)  beam  loading 
compensation  for  proton  coalescing,  c)  multi-batch  beam 
loading  compensation  for  antiproton  coalescing,  d)  R&D 
on  a  longitudinal  damper  to  reduce  the  longitudinal 
emittance  growth  in  the  Main  Injector,  e)  development  of 
transverse  dampers  for  injection  and  high  intensity 
operation,  f)  development  of  a  2.5  MHz  acceleration 
scheme  for  Recycler  antiproton  acceleration,  g)  an 
upgraded  BPM  system  and  h)  development  of  slip 
stacking  to  increase  the  proton  flux  on  the  antiproton 
production  target.  Main  Injector  runs  more  than  95% 
efficient  for  pbar  production  and  has  delivered  in  excess 


of  5.25el2  proton  per  pulse  to  the  antiproton  production 
target.  The  Main  Injeetor  cycle  time  for  antiproton 
production  is  1.46  sec. 

Protons  and  antiprotons  are  accelerated  in  the  Main 
Injector  to  150  GeV  to  fill  The  Tevatron  for  collider 
operation.  In  the  process  of  proton  acceleration,  5-7 
bunches  of  protons  are  injected  from  Booster  to  the  Main 
Injector  in  53  MHz  buckets.  The  Main  Injector  accelerates 
these  bunches  using  the  53  MHz  rf  system  to  150  GeV.  At 
150  GeV  the  bunches  are  rotated  by  turning  off  the  53 
MHz  rf  cavities  and  captured  by  2.5  MHz  rf  cavities  to 
form  a  single  high  intensity  coalesced  bunch.  Then  the  53 
MHz  rf  is  turned  on  and  the  beam  is  transferred  to  the 
Tevatron.  This  process  is  85-92%  efficient,  with  a  bunch 
intensity  of  250-330e9/bunch  and  the  longitudinal 
emittance  is  2.2-3.2  eV-sec  for  5-7  bunch  operation.  We 
routinely  run  the  7  bunch  operation  to  meet  the  intensity 
demand  of  the  Tevatron  due  to  the  poor  injection  and 
acceleration  efficiency  of  the  Tevatron.  The  longitudinal 
emittance  of  the  proton  beam  is  about  30%  higher  than 
the  Run-II  goal,  because  of  instabilities  and  the  7  bunches 
coalescing  instead  of  5  to  meet  the  intensity  demand. 

The  antiproton  acceleration  process  in  the  Main  Injector 
is  similar  to  the  proton  process,  except  in  this  mode  4 
batches  of  antiprotons  (396  nsec  apart)  are  injected  from 
the  Accumulator.  One  of  the  recent  improvements  in  the 
Main  Injector  for  the  antiproton  acceleration  has  been  the 
implementation  of  multi-batch  beam  loading 
compensation.  Figure  3  shows  the  longitudinal  emittance 
of  the  antiprotons  as  a  function  of  batch  number  for 
several  stores.  The  emittance  is  larger  for  the  higher 
bimch  numbers  due  to  beam  loading.  Figure  4  shows  the 
same  after  the  beam  loading  compensation  has  been 
coi^issioned.  The  average  injected  longitudinal 

emittance  of  the  antiproton  bunches  is  1.5  eV-Sec.  There 
is  a  small  growth  during  the  acceleration  process.  As 
expected  the  coalescing  process  increases  the  longitudinal 
emittance  by  about  a  factor  of  2  to  an  average  value  of 
about  2.7  eV-Sec.  The  Run-II  design  goal  of  2  eV-Sec  was 
set  assuming  use  of  the  Recycler  and  2.5  MHz 
acceleration.  The  2.5  MHz  acceleration  process  in  the 
Main  Injector  from  8  GeV  through  transition  energy  to  27 
GeV  is  designed  to  replaces  the  coalescing  process.  The 
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Figure  3.  Longitudinal  emittance  of  the  antiproton  as  a 
function  of  bunch  number  with  out  beam  loading 
compensation. 
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average  coalescing  efficiency  of  the  pbar  acceleration  and 
coalescing  through  the  Main  Injector  exceeds  85%.  There 
is  a  small  transverse  emittance  growth  of  less  than  2  pi 
mm-mr  (95%  normalized)  in  the  Main  Injector  from 
injection  to  150  GeV.  The  transverse  emittance  of  the 
proton  and  antiproton  beams  in  the  Main  Injector  at  150 
GeV  is  similar  to  Run-II  design  goals. 


Bunch  number 

Figure  4.  Longitudinal  emittance  of  the  antiproton  as 
function  of  bunch  number  with  beam  loading 
compensation. 

ANTIPROTON  SOURCE 

The  Antiproton  source  was  upgraded  in  association 
with  the  Main  Injector  project  to  increase  the  stacking  rate 
to  18-20el0  antiprotons/hour  [4].  Apeak  stacking  rate  of 
13.5el0  antiprotons/hour  and  an  average  stacking  rate  of 
about  8e  10/hr  have  been  achieved.  The  peak  stacking  rate 
is  limited  by  the  stochastic  cooling,  but  the  average 
stacking  rate  problem  could  be  alleviated  by  storing 
antiprotons  in  the  Recycler.  One  of  the  major  problems 
with  the  antiproton  source  was  the  larger  than  expected 
transverse  emittances  of  the  cooled  antiproton.  Figure  5 
shows  the  transverse  emittance  of  the  beam  in  Run-I  and 
Run-II  as  a  function  of  stack  size.  The  typical  horizontal 
emittance  of  a  lel2  antiproton  stack  was  \ln  mm-mr  as 
compared  to  the  design  goal  of  8.  The  larger  emittance 
was  due  to  an  increased  Intra-beam  scattering  (IBS) 
(60%)  caused  by  a  change  in  the  Accumulator  lattice  and 
trapped  ions  (40%). 


Stack  Size  (mA) 

Figure  5.  Accumulator  core  emittance  as  a  function  of 
stack  size.  These  are  unnormalized  95%  emittances. 


This  large  emittance  problem  was  solved  by  a)  better 
transverse  stochastic  cooling  of  the  Accumulator  core,  and 
b)  dual  lattice  operation  of  the  Accumulator.  The 
bandwidth  of  the  stochastic  cooling  system  was  increased 
by  a  factor  of  two  and  the  center  frequency  of  the  bean 
was  increased  by  a  factor  of  1.5.  Six  new  cooling  systems 
and  four  new  ultra-high  vacuum  tanks  were  built,  installed 
and  commissioned  in  less  than  8  months.  The  dual  lattice 
operation  has  a  “fast  stacking”  lattice  (q  =  0.012)  for  pbar 
production  and  a  “shot”  lattice  (ti=  0.022)  for  Tevatron 
injection.  During  the  shot  setup  for  collider  operation  the 
Accumulator  lattice  is  ramped  with  a  cooled  antiproton 
beam  at  the  core  orbit  from  fast  stacking  lattice  to  shot 
lattice.  The  shot  lattice  reduces  the  IBS  heating  by  a  factor 
of  2.5  and  increases  the  cooling  rate  by  a  factor  of  2  by 
increasing  the  mixing  due  to  the  change  in  ti.  Figure  6 
shows  the  improvement  in  the  emittance  after  these 
upgrade.  These  upgrades  resulted  in  a  factor  of  2-3 
reduction  in  core  transverse  emittance  and  a  40%  increase 
in  the  collider  luminosity. 

The  main  Antiproton  source  R&D  efforts  are  towards 
increasing  the  stacking  rate.  The  R&D  includes  a) 
Debuncher  momentum  cooling  improvements,  b)  a 
transverse  Debuncher  Notch  Filter,  c)  commission  core 
momentum  stacktail  compensation  legs,  d)  implementing 
core  momentum  spreading  during  stacking,  e)  a  stacktail 
notch  filter  upgrade,  f)  Improved  transverse  compensation 
of  the  stacktail,  g)  a  reduction  of  Main  Injector 
Longitudinal  emittance,  and  h)  an  improvement  of  the 
AP2/Debuncher  aperture 

8taek  size  vs.  average  core  emittance 
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Figure  6.  Average  core  emittance  vs.  Stack  size.  Green 
before  upgrade,  red  after  cooling  upgrade  and  pmple  after 
shot  lattice.  (95%  normalize  emittance). 

TEVATRON 

The  Tevatron  has  been  making  considerable  progress  in 
understanding  the  physics  issues  related  to  the  delivery  of 
higher  luminosity  [5].  It  has  been  successful  in  utilizing 
the  progress  made  in  the  upstream  accelerator  intensity 
and  emittances  and  converted  it  to  higher  luminosity. 
Although  a  factor  of  two  below  the  Run-II  goals,  the 
Tevatron  is  typically  miming  with  a  factor  of  two  higher 
peak  luminosity  than  Rim-I.  This  situation  is  due  to 
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fundamental  physics  limitations,  which  are  new  compared 
to  Run-I,  such  as  larger  beam-beam  effects,  instabilities 
and  poor  lifetime.  We  are  running  with  higher  number  of 
bunches  36  x  36  as  compared  to  6  x  6.  There  are  several 
limitations  in  understanding  and  solving  these  issues, 
including  poor  BPM,  unstable  Tevatron  Lattice  due  to 
alignment  and  orbit  motion  and  lack  of  beam  study  time. 

Figure  7  shows  typical  beam  intensities  for  a  Tevatron 
collider  fill.  We  observe  a  loss  of  proton  beam  at 
injection,  open  of  helix  and  poor  lifetime  at  150  GeV.  The 
pbar  beam,  although  1/10  the  intensity  of  the  protons,  has 


Figure  7.  Typical  Tevatron  fill  intensity  and  losses.  Green 
is  the  total  proton  intensity,  sky  blue  is  the  bunched 
proton  beam  intensity  and  blue  is  the  bunched  antiproton. 

a  poor  lifetime  due  to  larger  beam  growth  at  injection  into 
the  Tevatron  and  the  stronger  beam-beam  effect.  About 
10%  of  the  bunched  beam  is  lost  diuing  the  ramp  and 
squeeze  for  collision. 

Several  controlled  beam  studies  have  been  performed 
to  study  and  improve  the  performance  of  the  Tevatron. 
These  improvements  include  a)  tune,  coupling  and 
chromaticity  compensation  at  150  GeV  through  collision, 
b)  orbit  smoothing,  c)  a  longitudinal  damper  to  stop  Os 
blowup  during  store,  d)  a  transverse  damper  to  improve 
150  GeV  lifetime,  and  e)  general  tuning  of  the  machine. 

The  beam-beam  effect  is  one  of  the  main  contributions 
to  the  poor  lifetime  of  the  pbar  beam  in  the  Tevatron. 
Several  observations  indicated  that  a  smaller  pbar  beam 
size  yields  a  better  pbar  lifetime  at  150  GeV  and  that  an 
antiproton  only  store  has  a  better  lifetime.  During  the  Jan 
03  shutdown  the  Lambertson  at  the  CO  region  was 
replaced  with  Main  Injector  dipoles  to  increase  the  helix 
separation  and  to  reduce  the  impedance  of  the  Tevatron. 
We  are  also  investigating  the  possibility  of  improving 
diagnostic  in  the  Tevatron  (new  BPMs  electronics, 
Schottky  etc.),  including  improvements  in  hardware  and 
understanding  systematic  errors.  Several  study  groups 
have  been  formed  to  systematically  study  Tevatron  beam 
dynamics. 

RECYCLER 

The  Recycler  is  designed  to  store  and  cool  antiprotons 
at  8.9  GeV/c.  It  was  built  using  permanent  magnet 
technology,  but  during  the  commissioning  period  ramped 


dipole  correctors  were  added.  In  its  first  phase,  the 
Recycler  was  designed  to  store  2el2  antiproton  by 
frequent  transfer  of  antiprotons  from  the  Accumulator  to 
the  Recycler.  The  Accumulator  stacking  rate  decreases  as 
the  stack  size  in  the  Accumulator  increases.  The  plan  is  to 
transfer  antiprotons  from  the  Accumulator  to  the  Recycler 
every  2-3  hours  to  keep  the  stacking  rate  high.  The  design 
goal  of  the  Recycler  Ring  is  to  have  2el2  antiprotons 
stacked  with  100  hours  of  lifetime  using  stochastic 
cooling.  At  a  later  date,  the  Recycler  cooling  will  be 
upgraded  with  electron  cooling. 

The  Recycler  Ring  has  made  considerable 
commissioning  progress  over  last  two  years  [6].  Fig.  8 
shows  the  stacking  of  antiprotons  in  the  Recycler  Ring 
with  total  efficiency  of  75%.  The  best  lifetime  achieved 
for  pbars  is  180  hours.  The  lifetime  has  a  small 
dependence  on  the  stack  size  in  the  Recycler:  lifetime=  - 
0.44x(Stack  Size)+183.  We  have  the  mechanisms  in  place 
to  transfer  pbars  from  the  Accumulator  to  the  Recycler, 
cool  the  pbar  in  the  Recycler,  extract  and  bunch  the  pbars 
in  2.5  Mhz  bunches  from  the  Recycler,  transfer  the  pbar 
bunches  to  the  Main  Injector,  accelerate  the  pbars  in  the 
Main  Injector  to  150  GeV,  and  transfer  them  to  the 
Tevatron. 

The  Recycler  needs  improvements  in  its  performance 
before  it  can  be  integrated  into  the  Accelerator  complex. 
Some  of  the  issues  are  a)  injection  and  circulating 
efficiency  for  proton  and  pbar  is  about  90-95%,  b) 
emittance  growth  is  about  a  factor  of  2  larger  than  the 
design  value,  c)  the  longitudinal  emittance  is  effected  by 
the  Main  Injector  ramp  and  is  larger  than  the  design  goal, 
d)  the  Recycler  orbit  is  not  well  established  due  to  lack  of 
a  working  BPM,  e)  cooling  and  RF  manipulations  needs 
further  optimization. 
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Figure  8.  Stacking  of  pbar  in  the  Recycler.  Blue  in  the 
pbar  intensity  in  the  Accumulator  and  Green  in  the 
Recycler  intensity.  The  scale  of  Blue  is  reversed. 

A  significant  fraction  of  Recycler  beam  transverse 
emittance  gro-wth  is  vacuum  related.  A  plan  is  in  place  to 
improve  the  Recycler  vacuum  by  doubling  the  number  of 
ion  pumps,  baking  the  Recycler  to  a  higher  temperature 
and  fixing  small  leaks,  which  may  be  present  around  the 
ring.  The  ramped  correctors  will  be  used  to  reduce  the 
effect  of  the  Main  Injector  ramp  on  the  Recycler.  Initial 
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tests  already  show  positive  results.  The  Recycler  BPM 
electronics  are  being  upgraded  using  digital  electronics.  It 
is  expected  that  with  the  upgrade  and  integration  plans 
that  are  already  in  place  the  Recycler  will  perform  as 
described  in  its  initial  design  report. 

COLLIDER  PERFORMANCE 

In  the  last  one  year  the  luminosity  of  the  Tevatron 
collider  has  improved  by  more  than  a  factor  of  3.  The 
collider  luminosity  is  within  a  factor  of  two  of  the  Main 
Injector  design.  Every  improvement  in  luminosity  of  the 
complex  has  been  associated  with  a  specific  modification 
to  die  accelerators.  These  included  a)  Accumulator 
cooling  and  shot  lattice  (40%),  b)  Accumulator  to  Main 
Injector  lattice  match  and  antiproton  emittance  at 
Tevatron  injection  (20%),  c)  antiproton  coalescing 
improvement  in  the  Main  Injector  (15%),  d)  Improved 
antiproton  and  proton  efficiency  through  Tevatron  low 
beta  (10%  each),  and  e)  larger  antiproton  stack  (10%). 
Most  of  the  luminosity  increase  is  due  to  increasing  the 
number  of  antiprotons  at  low  beta.  Figure  9  shows  the 
total  number  of  antiproton  to  low  beta  as  a  function  of 
shot  number. 

The  current  antiproton  production  rate  is  sufficient  to 
support  a  luminosity  in  the  6-8e31  cm'^sec"'  range.  The 
protons  at  low  beta  are  95%  of  the  goal.  Although 
antiproton  efficiency  has  improved  from  32%  to  70%,  the 
antiprotons  are  still  only  70%  of  the  goal.  The  primary 
outstanding  issues  towards  achieving  higher  luminosity 
are  a)  emittance  preservation  from  Tevatron  injection  to 
acceleration  in  Tevatron,  b)  proton  and  antiproton  lifetime 
and  acceleration  efficiency  in  the  Tevatron  and  c) 
Tevatron  beam  dynamics  which  is  adversely  effected  by 
beam-beam  effects,  lattice,  alignment  and  coupling.  A 
variety  of  hardware  projects  are  currently  underway 
dealing  with  these  issues.  An  upgrade  plan  is  being 
developed  to  improve  the  luminosity  even  further. 

Figure  10  shows  the  weekly  peak  luminosity  as  a 
function  of  week  number  and  peak  luminosity  as  a  lOx 
running  average.  The  luminosity  has  been  increasing 
steadily  since  the  beginning  of  Run-II.  At  the  time  of  this 
talk  the  Accelerator  complex  has  delivered  in  excess  of 
220  pb"'  to  each  detector  since  the  begiiming  of  the  run. 


Figure  10.  Peak  Luminosity  as  a  function  of  week.  Blue  is 
the  peak  luminosity  of  the  week  and  green  the  10  shot 
running  average. 

The  goal  of  the  collider  program  for  FY03  is  to  deliver 
200  pb-1,  with  a  peak  luminosity  of  10  pb-1  per  week  by 
theendofFY2003. 

SUMMARY 

The  Fermilab  collider  program  at  1.96  TeV  is  well 
underway  with  exciting  physics  results  fi-om  both  the 
collider  detectors.  The  collider  is  running  with  in  a  factor 
of  two  of  the  Run-II  designed  luminosity  with  the  new 
Main  Injector.  There  are  several  hardware  upgrade 
projects  imderway  to  improve  the  luminosity.  We  are 
interleaving  accelerator  studies  and  operations  to  further 
improve  the  luminosity.  The  Recycler  Ring 
commissioning  has  progressed  well  and  the  machine  is 
close  to  being  ready  for  integration  into  the  accelerator 
complex  after  a  shutdown  to  improve  vacuum  and 
instrumentation. 
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Figure  9.  Total  number  of  antiproton  at  low  beta. 
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RECENTLY  COMMISSIONED  AND  FUTURE  RNB  FACILITIES 

Paul  Schmor,  TRIUMF,  4004  Wesbrook  Mall,  Vancouver,  BC,  Canada,  V6T  2A3 


Abstract 

There  is  a  worldwide  interest  in  fundamental  and  ap¬ 
plied  scientific  research  with  exotic  nuclear  beams  in  or¬ 
der  to  improve  our  understanding  of  the  nature  of  matter 
and  of  the  evolution  of  matter  in  the  universe.  The  nu¬ 
clear  physics  working  group  of  the  OECD  Megascience 
Forum  concluded  in  1999  that  “A  new  generation  of  high- 
intensity  RNB  facilities  of  each  of  the  two  basic  types, 
ISOL  (Isotope  Separator  On  Line)  and  In-Flight,  should 
be  built  on  a  regional  basis.  Interested  governments  are 
encouraged  to  undertake  the  necessary  decisions  within 
the  next  few  years,  and  the  facilities  themselves  should 
become  operational  in  five  to  ten  years.”  [1]  This  interest 
has  led  to  the  design  and  development  of  a  number  of  new 
facilities  to  increase  both  the  variety  and  the  number  of 
exotic  ions.  This  paper  reviews  and  compares  recently 
commissioned  and  proposed  facilities. 

INTRODUCTION 

There  is  wide  range  of  interest,  for  scientific  as  well  as 
for  applied  research,  involving  the  use  of  radioactive  ion 
beams  (RIB).  Several  recent  studies  have  documented  the 
scientific  case.  [2,3, 4, 5]  In  nuclear  physics,  the  motiva¬ 
tion  is  centered  around  improving  our  under-standing  of 
the  origin  of  the  elements  in  the  cosmos,  our  understand¬ 
ing  of  the  nature  of  nucleonic  material  and  exploring  the 
physics  beyond  the  standard  model.  Much  of  our  recent 
understanding  of  condensed  matter  has  involved  the  use 
of  microscopic  magnetic  probes.  Radioactive  nuclei  can 
be  very  sensitive  magnetic  probes.  Radioisotopes  with 
high  specific  activity  are  of  interest  for  biomedical  R&D. 
Radioactive  nuclei  have  been  successfully  used  as  diag¬ 
nostics  to  study  and  improve  the  wear  characteristics  of 
materials.  Finally  programs  such  as  the  accelerator  based 
transmutation  of  waste  (ATW)  and  science  based  stew¬ 
ardship  program  (SBSS)  require  certain  improved  cross 
sections  in  order  to  enhance  the  accuracy  of  their  models. 

The  two  approaches  for  producing  radioactive  ion 
beams  (RJBs)  are  complementary.  The  ISOL  approach 
uses  gammas,  neutrons,  protons  or  other  light  ions  im¬ 
pinging  on  a  thick  target.  Interactions  with  the  target  nu¬ 
clei  produce  exotic  nuclei  that  diffuse  out  of  the  hot  target 
and  by  effusion  to  an  ionizer  where  the  isotopes  are  ex¬ 
tracted  and  formed  into  a  beam  of  tens  of  eV.  The  iso¬ 
topic  distribution  and  intensities  depend  on  the  target  ma¬ 
terial,  its  chemistry,  target  dimensions,  isotope  half-lives 
and  target  temperatures.  The  extracted  beams  are  of  high 
quality  but  generally  contain  a  variety  of  isotopes  and 
desired  isotopes  can  be  separated  by  high-resolution 
mass-separators.  The  radioactive  ion  beams  are  either 
stopped  for  experimental  observation  or  accelerated  to 
higher  energies.  The  diffusion  and  effusion  processes 


inherently  limit  the  exotic  beams  to  those  having  half- 
lives  greater  than  10  ms. 

The  IF  (in-flight  or  projectile  firagmentation)  approach 
uses  an  energetic  heavy  ion  beam  impinging  on  a  thin 
target.  The  heavy  ion  beam  fragments  and  the  fast  exotic 
beam  that  come  out  of  the  thin  target  are  separated  by  an 
ion  optical  system.  The  energetic  fragments  are  inde¬ 
pendent  of  the  target  chemistry,  depend  on  the  energy  of 
the  incident  beam  but  are  generally  greater  than  25 
MeV/nucleon.  A  high  acceptance  separator  is  required  to 
capture  a  significant  fraction  of  the  exotic  beam  because 
of  the  angular  scattering  and  the  momentum  spread  from 
the  target.  Consequently  the  separator  has  limited  mass 
resolution.  However  the  approach  is  inherently  fast  and 
half-lives  of  the  order  of  microseconds  can  be  captured. 

Numerous  facilities  are  operating,  being  upgraded,  un¬ 
der  construction  or  in  the  proposal  stage.  This  activity 
reflects  the  emphasis  placed  on  the  need  for  such  facilities 
by  the  OECD  working  group.[l]  A  list  of  facilities,  albeit 
partial,  is  given  in  table  1.  The  status  is  listed  as  C  (under 
construction),  U  (an  upgrade),  O  (operating)  and  P  (pro¬ 
posed). 


Table  1:  A  list  of  RIB  Facilities 


NAME 

LOCATION 

TYPE 

STATUS 

BRNBF 

CHINA 

ISOL 

C 

CRC 

BELGIUM 

ISOL 

0 

DUBNA 

RUSSIA 

IF 

0 

EURISOL 

EU 

ISOL 

P 

EXCYT 

LNS/ITALY 

ISOL 

C 

GSI 

GERMANY 

ISOL 

0,U 

HOLIFIELD 

ORNL,  USA 

ISOL 

0 

IMP 

CHINA 

IF 

o 

ISACI 

CANADA 

ISOL 

0 

ISAC II 

CANADA 

ISOL 

c 

ISOLDE 

CERN/EU 

ISOL 

0 

MAFF 

GERMANY 

ISOL 

c 

NSCL/MSU 

USA 

IF 

0 

PNPI 

RUSSIA 

ISOL 

0 

RCNP 

JAPAN 

IF 

o 

RIA 

USA 

ISOL/IF 

p 

RIKEN 

JAPAN 

IF 

c 

RMS/JAERI 

JAPAN 

ISOL 

c 

SPIRAL 

FRANCE 

ISOL 

0 

SISSE/LISE 

FRANCE 

IF 

0 

VECC 

INDIA 

ISOL 

p 

These  proceedings  contain  details  of  the  recent  status 
and  plans  of  a  number  of  the  listed  facilities.  In  what  fol¬ 
lows  is  a  personally  selected  list  of  characteristics  of  ma- 
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jor  accomplishments  at  some  of  these  facilities  to  give  the 
reader  an  impression  of  where  the  RNB  developments  are 
heading.  RIB  intensities  are  much  lower  than  the  stable 
beam  intensities  at  conventional  accelerator  facilities. 
However  since  the  RIB  flux  is  proportional  to  the  inten¬ 
sity  of  the  driver  beam  that  is  used  to  create  the  RIB,  the 
driver  technology  is  state  of  the  art  and  is  a  key  element  in 
the  facility  development.  As  the  driver  current  increases 
so  do  the  challenges  in  developing  the  high  power  targets 
needed  to  create  the  RIBs  and  the  remote  handling  to  deal 
with  the  maintenance  of  these  targets  with  high  levels  of 
residual  activation. 

IN-FLIGHT  FACILITIES 

MSU/NSCL 

The  K500  and  K800  cyclotrons  have  been  modified  to 
operate  in  a  coupled  mode.  Intense  heavy  ion  beams  are 
initially  accelerated  in  the  K500  cyclotron,  extracted, 
transported  to  and  injected  into  the  K800  cyclotron  where 
a  foil  strips  off  most  of  the  remaining  electrons.  The 
nearly  bare  nuclei  are  then  further  accelerated  in  the 
K800,  extracted  and  transported  through  a  fragment  pro¬ 
duction  target.  More  recently  the  A 1900  projectile  frag¬ 
ment  separator  has  been  completed  and  commissioned.  [6] 
The  separator  uses  twenty-four  superconducting  quadru- 
pole  magnets.  Compared  to  the  previous  A1200  spec¬ 
trometer  the  acceptance  has  increased  from  2-4%  to  over 
90%.  The  design  specifications  for  the  ECR  and  coupled 
-cyclotron  system  predict  a  peak  beam  power  of  5  kW  in 
the  A=40  region  at  the  target,  well  above  the  ability  of  the 
present  fragment  target.  Target  development  on  a  novel 
new  target  capable  of  dealing  with  these  beam  powers  has 
begun.  [7] 

GSI 

RIB  related  research,  using  both  the  ISOL  and  IF  tech¬ 
niques,  has  been  an  important  part  of  the  scientific  pro¬ 
gram  at  GSI  for  many  years.  Recently  there  has  been 
approval,  with  some  restrictions,  of  a  major  facility  up¬ 
grade  that  when  completed  is  predicted  to  increase  the 
secondary  RIB  intensity  by  a  factor  of  10‘‘.[8]  The  in¬ 
crease  is  the  result  of  a  number  of  factors.  New  fast 
ramped  superconducting  synchrotron  drivers  will  permit 
the  heavy  ion  intensities  to  increase  by  a  factor  of  10^  and 
the  energy  to  increase  by  a  factor  of  15.  Finally  a  larger 
acceptance  fragment  separator  (super  FRS)  replaces  the 
FRS.  Again  a  more  robust  target  is  needed  to  handle  the 
increase  in  beam  power.  [9] 

RIKENRIBF 

Riken  has  been  providing  intense  light  ion  beams  for 
the  production  of  RIBs  by  projectile  fragmentation  at  en¬ 
ergies  of  100  MeV/u  since  1990.  Driver  intensities  have 
increased  with  the  installation  of  a  new  18  GHz  ECR  ion 
source,  a  variable  frequency  RFQ  linac  and  a  charge  state 
multiplier.  A  major  upgrade  to  the  radioisotope  facility  at 
RIKEN  is  now  under  construction.  [10]  The  upgraded 
facility  requires  three  new  cyclotrons,  the  fRC  (fixed  en¬ 


ergy  ring  cyclotron),  IRC  (intermediate  stage  ring  cyclo¬ 
tron)  and  SRC  (superconducting  ring  cyclotron).  It  also 
includes  the  installation  of  a  new  larger  acceptance  frag¬ 
ment  separator  (BigRIPS).  Beam  experiments  with  this 
new  facility  are  scheduled  to  begin  in  2007.[11]  When 
finished  it  will  be  capable  of  accelerating  elements  up  to 
A=40  to  400  MeV/u  decreasing  to  350  MeV/u  for  ura¬ 
nium.  Currents  will  be  limited  to  about  1  ppA  for  the 
lighter  elements  by  the  radiation  shielding  and  slightly 
less  than  1  pjtA  for  the  heavier  elements.  Plans  call  for 
the  facility  to  include  an  ISOL  type  production  target  as 
well. 

ISOL  FACILITIES 

CRC  Louvain  la  Neuve 

The  cyclotrons  at  Louvain  la  Neuve  have  been  used  to 
carry  out  a  great  deal  of  the  pioneering  effort  in  develop¬ 
ing  beams  for  nuclear  astrophysics  using  a  high  intensity 
30  MeV  proton  driver.  Recently  a  K=44  cyclotron  spe¬ 
cially  designed  to  meet  the  specific  requirements  of  mass 
separation  and  high  transmission  for  nuclear  astrophysics 
has  been  brought  into  operation.  This  new  accelerator  has 
delivered  a  beam  of  '^Ne  with  an  intensity  around  5  x  10® 
particles/sec  in  the  energy  range  7.5  to  9.5  MeV. 

HRIBFORNL 

The  Holifield  radioactive  ion  beam  facility  uses  the 
ORIC  cyclotron  as  a  driver  and  the  tandem  as  a  post  ac¬ 
celerator.  This  combination  requires  the  formation  of 
negative  ions.  Target  development  here  has  led  to  the  use 
of  Hf02  fiber  targets  that  have  been  shown  to  have  excel¬ 
lent  isotopic  release  and  thermal  properties.  Recently  the 
scientific  program  has  expanded  by  creating  neutron  rich 
beams  from  proton-induced  fission  using  approximately 
10  nm  thick  uranium  carbide  deposited  onto  carbon  fi¬ 
bers.  [12]  Plans  have  been  developed  to  construct  a  sec¬ 
ond  high-voltage  platform  that  would  contain  a  target 
system  capable  of  being  used  at  higher  driver  powers. 
Plans  also  include  the  possible  replacement  of  the  ORIC 
cyclotron  with  a  higher  intensity  and  higher  energy  driver 
in  the  fiiture. 

SPIRAL  GANIL 

The  GANIL  RIB  program  began  with  the  production  of 
exotic  beams  using  the  in-flight  projectile  method  with 
the  high-intensity  heavy-ion  beams  in  the  energy  range  50 
to  100  MeV/u  from  the  cyclotron  drivers.  More  recently 
SPIRAL  (Systeme  de  Production  dTons  Radioactifs  avec 
Acceleration  en  Ligne)  has  come  into  operation.  The  ex¬ 
otics  are  created  by  the  ISOL  method,  ionized  in  an  ECR 
ion  source  and  accelerated  with  a  K=265  cyclotron 
(CIME)  to  energies  between  1.7  and  25  MeV/u.  The  de¬ 
velopment  of  high  power  targets  and  a  remote  handling 
system  to  deal  with  the  high  level  of  induced  radioactivity 
have  been  key  elements  in  the  success.  Unlike  ISOL  tar¬ 
gets  at  light  ion  facilities  where  spallation  or  proton- 
induced  fission  is  major  mechanism  for  the  creation  of 
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exotic  isotopes,  here  with  heavy  ions  the  primary  produc¬ 
tion  mechanism  in  the  target  is  projectile  fragmentation. 
The  energy  deposition  profile  by  these  heavy  ions  has 
required  the  development  of  special  targets.  The  targets 
consist  of  a  series  of  spatially  separated  carbon  disks  ca¬ 
pable  of  handling  up  to  6  kW  of  beam  power  and  operat¬ 
ing  at  temperatures  of  2300  K.[13]  A  detailed  study  has 
developed  a  conceptual  design  for  SPIRAL2.  In  the  ini¬ 
tial  stage  the  driver  would  be  a  5  mA,  40  MV  deuteron 
(q/A=l/2)  and  1  mA  (q/A=l/3)  linac.  This  would  permit 
the  creation  of  exotic  beams  by  fission  either  through  neu¬ 
trons  or  by  direct  bombardment.[14] 

ISOLDE  CERN 

ISOLDE  has  been  producing  RIBs  using  the  ISOL 
technique  for  over  30  years,  initially  with  600  MeV  pro¬ 
tons  from  the  synchrocyclotron  (SC),  next  with  1  GeV 
protons  from  the  booster  synchrotron  that  has  recently 
been  upgraded  to  provide  1.4  GeV  protons.  With  these 
changes  has  come  a  change  in  beam  structure  from  nearly 
DC  to  pulsed  with  high  peak  currents  averaging  to  about 
2|j,A.  The  inherent  thermal  cycling  from  the  pulsed  op¬ 
eration  impacts  the  ideal  target  temperature  regime  and 
hence  the  target  performance  and  lifetime.  Recent  ion 
source  developments  using  lasers  and  resonant  laser  ioni¬ 
zation  have  greatly  improved  the  mass  selectivity  and 
efficiently  ionized  many  elements  of  the  periodic  table. 
The  facility  has  been  designed  so  that  two  independent 
target  stations  can  be  used  to  provide  independent  RIBs  to 
two  different  experimental  stations.  Recently  experiments 
have  started  with  accelerated  beams  using  the  REX- 
ISOLDE  facility.  Key  elements  in  this  new  facility  have 
been  the  RIB  post  accelerators,  the  charge  booster  com¬ 
prised  of  a  cooler,  Penning  trap  and  EBIS.  The  optimum 
energy  range  in  now  0.8  to  2.2  MeV/u  but  work  has  begun 
on  changes  to  upgrade  the  maximum  energy  to  3.1 
MeV/u.  An  additional  upgrade  to  4.2  MeV/u  is  planned. 
Encouraging  tests  have  recently  been  carried  out  with 
two-step  targets  where  the  proton  beam  impacts  a  neu¬ 
tron-producing  target  and  the  neutrons  are  used  to  pro¬ 
duce  the  exotic  nuclei  in  a  uranium  target.  The  result  is  a 
significant  suppression  of  the  spallation  and  fragmenta¬ 
tion  products  and  only  a  slight  decrease  in  the  neutron 
rich  fission  products.  The  lifetime  of  the  target  should  be 
considerably  longer  than  with  direct  proton  bombardment 
targets.  CERN  is  examining  a  high-intensity  supercon¬ 
ducting  linac  (SPL).  This  linac  could  be  configured  with 
existing  tunnels  to  feed  the  ISOLDE  targets.  [15] 

MAFF  MUNICH 

MAFF  (Munich  accelerator  for  fission  fragments)  has 
been  designed  for  operation  at  the  new  high-flux  Munich 
research  reactor  facility  FRM-II.  The  reactor  has  recently 
been  completed  and  licensed  to  begin  operation.  MAFF 
will  provide  intense  beams  of  neutron  rich  isotopes  at 
energies  of  30  keV  that  will  be  further  accelerated  to  en¬ 
ergies  from  3.7  to  5.9  MeV/u.  MAFF  creates  the  radioac¬ 
tive  isotopes  by  the  thermal-neutron-induced  fission  of 
uranium  targets.  The  high  neutron  flux  and  large  cross¬ 


sections  for  fission  result  in  large  yields  of  neutron  rich 
fission  products.  Following  the  production  target,  MAFF 
includes  ion  sources,  beam  transport  and  a  mass  separator 
and  is  similar  to  other  existing  ISOL  facilities.  Initial  RIB 
experiments  at  MAFF  are  anticipated  in  about  two  years. 
Post  acceleration  similar  to  REX-ISOLDE  is  fore- 
seen.[16] 

ISAC  TRIUMF 

The  ISAC  facility  at  TRIUMF  uses  energetic  protons 
from  the  500  MeV  cyclotron  driver  to  produce  exotic 
elements  by  the  ISOL  technique.  The  shielding,  cooling 
and  remote-handling  have  been  designed  to  be  compatible 
with  50  kW  (100  pA  at  500  MeV)  proton  beam  impinging 
a  thick  uranium  target.  The  first  RIB  experiment  began 
using  a  radioactive  potassium  beam  in  1998.  An  active 
scientific  program  with  low  energy  beams  has  been  for¬ 
mulated  around  a  neutral  atom  trap,  a  low  temperature 
nuclear  orientation  setup,  a  P-NMR  facility  capable  of 
providing  a  variety  of  polarized  exotic  beams,  a  modified 
Chalk  River  8jt  spectrometer  and  various  general-purpose 
stations.  Recently  a  precision  instrument  based  on  an 
EBIT  (electron  beam  ion  trap)  to  measure  exotic  masses 
precisely  has  been  funded.  A  little  more  than  two  years 
after  the  first  RIB,  accelerated  exotic  beams  became 
available  for  nuclear  astrophysics  experiments.  The  ac¬ 
celerators  were  designed  to  meet  the  basic  nuclear  astro¬ 
physics  requirements  and  provide  continuously  variable 
energy  beams  from  0.15  to  1.5  MeV/u  for  masses  up  to 
A=30.  They  consist  of  a  cw  8m  long  RFQ  linac  and  a 
five-tank  cw  IH  DTL. 

An  important  issue  continues  to  be  the  development  of 
targets  that  can  reliably  withstand  the  high  powers  in  the 
driver  beam.  Target  development  has  resulted  in  target 
lifetimes  that  now  exceed  an  integrated  proton  dose  of 
5x10  .[17]  Routine  proton  beam  power  delivered  to  the 
target  has  gradually  increased  from  the  1  kW  in  1998  to 
20  kW  today.  The  full  50  kW  was  successfully  tested  on 
a  prototype  target.  A  thermal  surface-ionization,  ion- 
source  has  been  the  RIB  production  source  up  until  now, 
but  an  ECR  ionizer  is  being  commissioned  and  a  resonant 
laser  ion  source  is  being  tested  on  a  test  bed.  Video  sur¬ 
veillance,  remotely  operated  cranes  and  remote  manipula¬ 
tors  in  a  heavily-shielded  hot-cell  are  needed  to  deal  with 
the  high  levels  of  residual  activity  experienced  during 
target  changes.  Radiation  induced  diffusion  enhances  the 
yields  of  short-lived  activity  from  the  target  as  the  proton 
current  is  increased.  ISAC  is  being  upgraded  to  provide 
higher  energies  and  a  broader  range  of  masses  in  the 
ISAC  II  project  with  an  ECR  charge  state  booster  and  a 
superconducting  linac  to  provide  energies  of  6.5  MeV/u 
for  masses  up  to  A=150.[18]  Initial  operation  of  this  new 
post  accelerator  will  begin  in  2005  at  a  maximum  energy 
of  4.3  MeV/u.  Full  energy  operation  is  scheduled  to  be¬ 
gin  in  2007.  High  power  target  development  has  not  been 
compatible  with  efficient  beam  delivery  to  experiments. 
Consequently  a  plan  to  build  a  dedicated  full  power  target 
development  station  is  being  proposed.  The  H‘  cyclotron 
is  versatile  and  can  accommodate  an  additional  100  pA 
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extracted  beam.  [19]  The  beam  would  be  taken  to  an  ex¬ 
panded  target  hall.  Existing  nuclear  ventilation  and  re¬ 
mote  handling  equipment  would  be  used.  The  technology 
would  be  similar  to  the  presently  operating  target  stations. 
It  is  anticipated  that  this  facility  would  be  complete  by 
2008.  In  the  future  this  facility  could  be  used  to  provide 
independent  RIBs  simultaneously  to  two  experiments 
from  a  single  driver.  A  study  has  proposed  using  a  stor¬ 
age  ring  to  use  the  exotic  isotopes  more  efficiently  or  to 
further  accelerate  the  RIBs.  [20] 

RIA 

RJA  (rare  isotope  accelerator)  is  a  new  generation  facil¬ 
ity  being  planned  in  the  US  for  basic  research  in  nuclear 
physics.  The  facility  proposes  to  use  a  unique  cw  driver 
accelerator  that  will  lead  to  unprecedented  yields  of  radio¬ 
active  beams  using  both  the  ISOL  and  in-flight  projectile 
fragmentation  methods.  [21]  The  proposed  driver  is  a  cw 
superconducting  linac  capable  of  accelerating  all  elements 
from  protons  to  uranium  through  a  maximum  1 .4  GV  po¬ 
tential.  Beam  power  throughout  the  mass  range  is  400 
kW.  The  final  energy  varies  from  900  MeV  for  protons 
through  to  400  MeV/u  for  uranium.  In  order  to  achieve 
the  design  beam  power  for  the  heavier  elements  with  cur¬ 
rent  technology  the  driver  accelerator  takes  advantage  of 
the  large  phase  space  acceptance  of  the  independently 
phased  superconducting  resonators  to  capture  and  acceler¬ 
ate  multiple  charge  states  from  the  ECR  and  subsequent 
strippers.  R&D  on  key  elements  of  the  proposed  driver  is 
being  funded  at  a  number  of  universities  and  national 
laboratories.  This  includes  work  on  the  ECR,  the  various 
types  of  superconducting  structures  required  to  cover  the 
large  range  of  p,  high  power  stripper  technology  and  the 
high  power  targets.[22,23]  A  windowless  liquid  lithium 
target  is  proposed  for  the  in-flight  fragmentation  tar¬ 
get.  [24]  A  large  acceptance  fragment  separator  can  be 
used  in  conjunction  with  energy  degraders  and  a  gas 
catcher  to  efficiently  provide  intense,  low-emittance,  ra¬ 
dioactive  ion  beams  suitable  for  stopped  beam  experi¬ 
ments  or  injection  into  a  post  accelerator.[25]  The  pro¬ 
posal  also  includes  a  second  high-resolution,  high-purity 
fragment  separator.  Traditional  ISOL  type  targets  using 
radiation-handling  technology  developed  for  ISAC  are 
also  proposed  using  direct  proton  irradiation  as  well  as 
two-step  neutron-induced  fission.  The  proposed  post¬ 
accelerator  for  RIB  acceleration  is  designed  for  cw  opera¬ 
tion  to  accelerate  singly-charged  ions  with  masses  up  to 
240  from  the  ion  source  energy  to  energies  above  the  cou¬ 
lomb  barrier.  [26] 

EURISOL 

The  European  ISOL  community  is  preparing  the  speci¬ 
fications  for  a  next  generation  ISOL  facility.  The  pro¬ 
posed  driver  would  provide  up  to  5  MW  of  proton  beams 
at  1  GeV  and  be  upgradeable  to  2  GeV..  The  driver 
should  also  be  capable  of  accelerating  intense  beams  of 
other  light  ions.  The  proposal  also  includes  the  possibility 
of  a  supplementary  electron  machine  that  would  be  used 
for  producing  fission  products.  The  RIB  post  accelerators 


would  cover  the  ranges  from  0.2  to  1  and  5  to  10  MeV/u 
with  the  possibility  of  achieving  100  MeV/u  for  A<80 
decreasing  to  20  MeV/u  for  A=200.  [5,27] 

SUMMARY 

The  scientific  justification  for  exotic  beams  has  been 
clearly  made.  There  is  a  need  to  expand  both  the  intensity 
and  the  range  of  exotic  species.  Laboratories  in  Asia, 
Europe  and  North  America  are  actively  pursuing  techno¬ 
logical  solutions  to  meet  the  requirements.  These  new 
facilities  are  complex  and  costly.  Intense  stable  beams 
from  high-energy  accelerators  are  required.  Targets  capa¬ 
ble  of  handling  the  available  powers  are  a  challenge.  Sat¬ 
isfying  the  legitimate  safety  concerns  of  the  general  pub¬ 
lic  and  licensing  agencies  is  a  challenge  in  these  facilities 
that  are  designed  to  create  and  release  activity  easily.  As 
the  facility  cost  becomes  significant,  it  has  become  impor¬ 
tant  to  find  cost  effective  ways  of  providing  the  exotic 
beams  to  users.  It  is  essential  to  find  techniques  that  per¬ 
mit  multiple  simultaneous  users. 

REFERENCES 

[1]  The  OECD  Megascience  Fomm,  Report  from  the 
Working  Group  on  Nuclear  Physics,  OECD,  Paris, 
France,  1999. 

[2]  Opportunities  in  Nuclear  Science,  A  Long  Range 
Plan  for  the  Next  Decade,  The  DOE/NSF  Nuclear 
Science  Advisory  Committee,  April  2002 

[3]  Scientific  Opportunities  with  Fast  Fragmentation 
Beams  from  the  Rare  Isotope  Accelerator,  NSCL, 
Michigan  State  University,  March  2000. 

[4]  To  the  heart  of  matter.  Report  of  the  Canadian  Sub¬ 
atomic  Physics  five  year  planning  committee,  June 
2001. 

[5]  The  Physics  Case  for  EURISOL,  Report  of  the  key 
experiments  task  force,  December  2002  Draft, 
http://www.ganil.fr/eurisol/Final_Report/A-Physics- 
Case-20-Dec-02.pdf. 

[6]  D.  J.  Morrisey  et.  al.,  Nuclear  Instruments  and  Meth¬ 
ods  B,  Volume  204,  (2003),  p.  90. 

[7]  J.  A.  Nolen  et.  al.,  Nuclear  Instruments  and  Methods 
B,  Volume  204,  (2003),  p.  298. 

[8]  Walter  Henning,  “SIS  100/200  System  and  Planned 
Research”,  these  proceedings  paper  MOPL004 

[9]  N.  A.  Tahir  et.  al.,  Nuclear  Instruments  and  Methods 
B,  Volume  204,  (2003),  p.  282 

[10] T.  Motobayashi,  Nuclear  Instraments  and  Methods  B, 
Volume  204,  (2003),  p.  736. 

[lljToshiyuki  Kubo,  Nuclear  Instruments  and  Methods 
B,  Volume  204,  (2003),  p.  97. 

[12]  D.  W.  Stracener,  Nuclear  Instruments  and  Methods 
B,  Volume  204,  (2003),  p.  42. 

[13]  Antonio  C.  C.  Villari  et.  al..  Nuclear  Instruments  and 
Methods  B,  Volume  204,  (2003),  p.  31. 

[14]  Alban  Mosnier,  “SPIRAL2:  A  High  Intensity  Deu- 
teron  and  Ion  Linear  Accelerator  for  Exotic  Beam 
Production”  these  proceedings  paper  ROPA008 


9 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


[15]  Mats  Lindroos  et.  al.,  Nuclear  Instruments  and  Meth¬ 
ods  B,  Volume  204,  (2003),  p.  730. 

[16]  D.  Habs  et.  al..  Nuclear  Instruments  and  Methods  B, 
Volume  204,  (2003),  p.  739. 

[17]  Pierre  Bricault,  “High  Power  Targets  for  ISOL  Ra¬ 
dioactive  Ion  Beam  Facility”,  these  proceedings  pa¬ 
per  WOAD003 

[18]  Robert  Laxdal  et.  al.,  “The  ISAC-II  Upgrade  at  TRI- 
UMF  -  Progresss  and  Developments,  these  proceed¬ 
ings  paper  ROPAO 10. 

[19]  Glen  Stinson  et.  al.,  “A  Proposal  for  an  additional 
Beamline  to  the  TRJUMF  ISAC  Facility”,  these  pro¬ 
ceedings  paper  TPPB024. 

[20]  Michael  Craddock  et.  al.,  “Feasibility  Studies  of  a 
Storage  Ring  for  radioactive  ions”,  these  proceedings 
paper  TPPEO 15 

[21]  Bradley  Sherrill,  “Overview  of  Radioactive  Ion  Ac¬ 
celerators,  these  proceedings  paper  ROPA004 


[22]  Ken  Shepard,  these  proceedings,  “Status  of  Low  and 
Intermediate  velocity  Superconducting  Accelerating 
Structures”,  these  proeeedings  paper  ROPA003 

[23] Daniela  Leitner  et.  al.,  “Commissioning  of  the  Super¬ 
conducting  ECR  Ion  Source  VENUS’”  these  pro¬ 
ceedings  paper  MOPB008. 

[24]  J.  A.  Nolen  et.  al..  Nuclear  Instruments  and  Methods 
B,  Volume  204,  (2003),  p.  298. 

[25]  Guy  Savard,  Nuclear  Instruments  and  Methods  B, 
Volume  204,  (2003),  p.  582. 

[26]  P.  N.  Ostroumov,  Nuclear  Instruments  and  Methods 
B,  Volume  204,  (2003),  p.  433. 

[27]  The  Driver  Accelerator  for  EURISOL,  Report  of  the 
Driver  Accelerator  Group,  December  5,  2002. 
http://www.ganil.fr/eurisnl/Final  Rennrt/ 
B-DriverReport-600dpi-5-Dec-02.pdf 


10 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


STATUS  OF  THE  SNS*  PROJECT 

N.  Holtkamp,  ORNL,  Oak  Ridge,  TN  37820,  USA 


Abstract 

The  Spallation  Neutron  Source  (SNS)  [1,2]  is  a  second- 
generation  pulsed  neutron  source  under  construction  at 
Oak  Ridge  National  Laboratory.  SNS  is  funded  by  the 
U.S.  Department  of  Energy’s  Office  of  Basic  Energy 
Sciences  and  is  dedicated  to  the  study  of  the  structure  and 
dynamics  of  materials  by  neutron  scattering.  A 
partnership  of  six  national  laboratories  (ANL,  BNL,  JLab, 
LANL,  LBNL,  and  ORNL)  is  responsible  for  the  design 
and  construction  of  the  various  subsystems.  The  facility 
will  begin  operation  in  2006  and  will  deliver  a  1.0-GeV, 
1.4-MW  proton  beam  with  a  pulse  length  of 
approximately  700  nanoseconds  to  a  liquid  mercury 
target.  The  expertise  of  the  different  laboratories  has  been 
exploited  to  enhance  the  delivered  beam  power  by  almost 
an  order  of  magnitude  compared  to  existing  neutron 
facilities.  The  achievable  neutron-scattering  performance 
will  exceed  present  sources  by  more  than  a  factor  of  20  to 
100.  To  achieve  such  a  big  step,  the  subsystems  require 
substantial  improvements  compared  with  existing 
accelerators.  The  challenges,  the  status  of  the  project,  and 
potential  upgrades  are  presented  here. 

INTRODUCTION 

The  Spallation  Neutron  Source  (SNS)  [1,2],  authorized 
for  construction  in  fiscal  year  1999,  is  63%  complete.  The 
accelerator.  Central  Laboratory  and  Office  Building 
(which  includes  the  central  control  room).  Center  for 
Nanophase  Material  Sciences  (CNMS),  and  the  Joint 
Institute  for  Neutron  Science  (JINS)  are  shown  in  Fig.  1, 
together  with  an  artistic  overlay  of  the  facilities  on  top  of 
a  photo  of  the  actual  construction  site.  JINS  will  be 
operated  in  conjunction  with  the  University  of  Tennessee 
in  support  of  the  users  program.  CNMS  is  one  out  of  five 
nanophase  science  centers  under  construction  in  the 
United  States. 

Currently,  all  of  the  SNS  accelerator-associated 
buildings  and  tunnels  are  completed  and  are  ready  for 
accelerator  component  installation.  The  goal  for  SNS  is  to 
deliver  a  proton  beam  of  up  to  1.4-MW  beam  power  to  a 
mercury  target  for  neutron  spallation.  In  a  recent 
proposal,  even  higher  beam  power  operation,  following 
moderate  upgrade  proposals,  was  discussed  [3].  The  site 
layout  (Fig.  1)  has  possible  future  upgrades  incorporated, 
for  example,  the  second  target  station  (shown  shaded)  and 


*SNS  is  a  partnership  of  six  U.S.  national  laboratories:  Argonne 
National  Laboratory  (ANL),  Brookhaven  National  Laboratory  (BNL), 
Thomas  Jefferson  National  Accelerator  Facility  (JLab),  Los  Alamos 
National  Laboratory  (LANL),  Lawrence  Berkeley  National  Laboratory 
(LBNL),  and  Oak  Ridge  National  Laboratory  (ORNL).  SNS  is  managed 
by  UT-Battelle,  LLC,  under  contract  DE-AC05-00OR22725  for  the  U.S. 
Department  of  Energy. 


Figure  1:  Artist’s  conception  of  the  SNS  facility  overlaid 
on  a  early  site  photo  of  the  Chestnut  Ridge  construction 
site  at  ORNL. 


space  next  to  the  radio-frequency  (RF)  building  for  a 
superconducting  RF  (SRF)  facility  that  will  be  needed  to 
maintain  the  existing  cryomodules,  as  well  as  to  develop 
and  build  new  ones  at  a  rate  consistent  with  a  two-year 
upgrade  schedule.  Empty  spaces  in  the  tunnel  allow  for 
installation  of  an  additional  nine  cryomodules  to  increase 
the  energy  to  more  than  1.3  GeV.  The  accelerator  systems, 
basically  a  full-energy  injector  linac  and  an  accumulator 
ring,  operate  at  a  repetition  rate  of  60  Hz  and  an  average 
current  of  1.6  mA.  The  accelerator  systems  consist  of  a 
negative  hydrogen  (H')  RF  volume  source  capable  of 
delivering  more  than  50  mA  of  peak  current,  a  low-energy 
beam  transport  (LEBT)  housing  a  first-stage  beam 
chopper,  a  4-vane  RF  quadrupole  (RFQ)  for  acceleration 
up  to  2.5  MeV,  a  medium-energy  beam  transport  (MEBT) 
housing  and  a  second-stage  chopper,  a  6-tank  drift-tube 
linac  (DTL)  up  to  87  MeV,  a  4-module  coupled-cavity 
linac  (CCL)  up  to  186  MeV,  an  SRF  linac  with  11 
medium-P  cryomodules  (up  to  379  MeV)  and  12  high-P 
cryomodules  (up  to  1000  MeV),  a  high-energy  beam 
transport  (HEBT)  for  diagnostics  and  collimation,  and  an 
accumulator  ring  for  compressing  the  1-GeV,  1-ms  pulse 
to  »700  ns  for  delivery  onto  the  target  through  a  ring-to- 
target  beam  transport  (RTBT)  beam  line.  Neutrons  are 
produced  by  spallation  in  the  mercury  target,  and  their 
energy  is  moderated  to  useable  levels  by  supercritical 
hydrogen  and  water  moderators.  The  basic  parameters  of 
the  facility  are  summarized  in  Table  1. 

The  simultaneous  performance  goals  of  1.4  MW  of 
proton  beam  power  and  ultimately  having  more  than  90% 
facility  availability  place  significant  operational- 
reliability  demands  on  the  technical  and  conventional 
systems.  Hands-on  maintenance  capability,  made  possible 
by  low  activation  in  the  accelerator,  is  key,  and  requires 
maintaining  beam  loss  of  <  1  W/m.  Figure  2  is  a 
schematic  layout  of  the  different  linac  structures  as  a 
function  of  beam  energy. 


0-7803-7738-9/03/$17.00  ©  2003  IEEE 
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Parameter 

Value 

Unit 

Proton  beam  energy  on  target 

1.0 

GeV 

Proton  beam  current  on  target 

1.4 

mA 

Proton  beam  power  on  target 

1.4 

MW 

Pulse  repetition  rate 

60 

Hz 

Beam  macropulse  duty  factor 

6 

% 

H-  peak  current  from  front  end 

>38 

mA 

Average  current  per 

macropulse 

26 

mA 

Chopper  beam-on  duty  factor 

68 

% 

Linac  length,  inch  front  end 

335 

m 

Ring  circumference 

248 

m 

Ring  fill  time 

1 

ms 

Ring  extraction  gap 

250 

ns 

Protons  per  pulse  on  target 

1.5  X  10'“ 

Liquid  mercury  target 

18  tons 

Im' 

Number  of  moderators 

4 

Minimum  initial  instruments 

8 

402.5  MHc 

805  MHz 

< - >  < - 

- ^ 

DTL  -CCL -8Brp=0.61.siiF  p=0.81 -41^' 

UHeV  87M«V  186MeV  387MeV  1000 MeV  ToKtaf 

Figure  2:  Schematic  layout  of  the  linac  structures  as  a 
function  of  beam  energy. 

ACCELERATOR  SYSTEMS 


Front-End  System  (FES)  (LBNL) 

The  FES,  shown  schematically  in  Fig.  3  (top  left), 
consists  of  a  multicusp,  volume-production,  cesium- 
enhanced,  RF-driven,  H-  ion  source;  an  electrostatic 
LEBT;  a  4-vane  RFQ  with  7i-mode  stabilizers  that 
accelerates  the  65-keV  beam  from  the  ion  source  to 
2.5  MeV;  beam-chopping  systems;  and  a  beam-transport, 
rebunching,  and  matching  section  (MEET).  Current-, 
profile-,  and  position-monitoring  diagnostics  are 
incorporated  into  the  FES.  Primary  beam  chopping  is 
performed  by  the  LEBT,  with  final  chopping  in  the 
MEET.  Large  beam  eccentricity  in  the  MEET  leads  to 
nonlinear  space  charge  forces  that  can  lead  to  halo  in  the 
CCL;  thus,  collimation  is  necessary  to  prevent  losses. 
Collimation  is  performed  in  the  MEET,  reducing  halo  at 
the  CCL  by  97%.  Collimator  locations  are  shown  in  Fig.  3 
(bottom). 

FES  commissioning  at  LBNL  was  performed  in 
May  2002  by  a  multilaboratory  team  led  by  LBNL.  A 
peak  beam  current  of  more  than  50  mA  was  produced  at 
low  duty  factor,  and  a  25-mA  beam  was  produced  at  6% 
duty  factor.  In  December  2002,  these  results  were 
reproduced  with  a  fully  integrated  system  at  the  SNS  site 
(Fig.  4).  The  MEET  rms  output  emittance  was 
~0.3  ;tmm  mrad  /  By -0.27  Jt  mm  mrad  at  25  mA, 
meeting  the  SNS  requirement  within  measurement 
accuracy. 


Figure  3:  (top  left)  FES  layout,  (top  right)  H-  ion  source, 
and  (bottom)  MEET  collimator  locations. 


Fig.  4.  PES  installed  at  the  SNS  site. 


Normal-Conducting  Linac  (lANL)  and  High- 
Power  RF  Systems 

Downstream  of  the  MEET,  beam  is  accelerated  to 
87  MeV  by  a  216-cell,  six-tank  DTL,  provided  by  LANL. 
Each  DTL  tank  is  driven  by  a  402.5-MHz,  2.5-MW  (peak 
power)  klystron.  Permanent  magnet  quadrupoles,  beam 
position  monitors,  current  monitors,  and  steering  dipoles 
are  integrated  into  the  drift  tubes.  Diagnostic  sections  are 
between  each  tank.  The  third  of  the  six  DTL  tanks  was 
installed  and  operated  in  May  2003.  Fig.  5  shows  a 
photograph  of  the  DTL,  and  the  inset  shows  the  drift 
tubes.  DTL  3  conditioned  up  to  full  field  in  less  then  24 
hours  and  achieved  40%  of  its  design  average  power 
within  48  hours. 

The  CCL,  operating  at  805  MHz  and  powered  by  four 
5-MW  (peak)  klystrons,  accelerates  the  beam  to 
186  MeV.  The  CCL  has  four  modules  with  a  total  of  384 
cells  and  is  made  of  oxygen-free  copper.  A  CCL  hot- 
model  prototype,  including  a  bridge  coupler,  was 
successfully  power  tested  at  LANL. 

The  high-power  RF  systems  design  of  the  linac  is 
finished,  and  klystron  deliveries  are  in  full  swing. 
Klystrons  to  be  installed  in  the  — 330-m-long  klystron 
gallery  include  7+4  (installed  +  spares)  402.5-MHz,  2.5- 
MW;  4+5  805.0-MHz,  5-MW;  and  81+20  805.0-MHz, 
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0.55-MW  klystrons.  The  klystrons  are  powered  by  13 
high-voltage  converter  modulators  (HVCMs),  which  were 
specifically  developed  for  SNS  (Fig.  6).  Extremely  high- 
power  density  and  efficient  high  AC-to-DC  high-voltage 
conversion  are  the  main  features.  High-frequency  (20- 
kHz)  switching  using  IGBT  technology  and  newly 
.developed  boost  transformers  allow  for  a  very  compact 
design  that  saves  investment  cost  as  well  as  real  estate. 
The  HVCMs  typically  operate  at  1 1-MW  peak  power  and 
~1-MW  average  power,  feeding  between  2  CCL  and  12 
superconducting  linac  (SCL)  klystrons.  Integrated  into  the 
design  are  rectifiers  and  transformers,  control  racks,  and 
SCR  regulators. 


Figures:  DTL  tank 3  in  the  tunnel  during  final 
installation.  Tank  3  contains  33  DTs. 


(402.5  MHz,  2.5  MW)  installed  in  the  klystron  gallery. 
The  graph  shows  the  flat  top  of  a  full  1.3-ms-long  pulse. 

SRF  Linac  ( JLab ) 

SNS  will  be  the  first  large-scale  superconducting  proton 
linac  that  provides  high  beam  power.  Advantages  offered 
by  the  superconducting  structures,  as  well  as  progress 
over  the  last  decade  in  reliably  achieving  high- 
performance  accelerating  structures,  led  to  the  design 
choice.  The  most  prominent  arguments  for  an  SCL  are 
large  aperture,  operational  flexibility,  high  gradient,  less 
real  estate,  lower  operating  costs,  small  Wakefields, 
excellent  vacuum,  and  very  high  efficiency. 


The  velocity  of  the  H'  ions  within  the  SCL  varies  from 
P=0.55-0.87.  The  most  economic  approach  (balancing  the 
number  of  different  types  of  cells  versus  the  accelerating 
efficiency)  is  a  two-cavity  geometry  with  P=0.61  and 
P=0.81.  Some  design  parameters  for  both  types  are  listed 
in  Table  2.  Beam  is  accelerated  from  186  to  387  MeV  by 
11  cryomodules  (CMs)  with  3  medium- P  (P  =  0.61) 
cavities  each  and  to  1  GeV  by  12  CMs  with  4  high-P 
(P  =  0.81)  cavities  each,  or  a  total  of  81  cavities. 


Table  2:  Some  Cavity  Design  Parameters 


Parameter 

P=0.61 

P=0.81 

Unit 

No.  of  cells 

6 

6 

^eak 

27.5 

35.0 

MV/m 

Epeak^E^c 

2.71 

2.19 

Epeal/Epeak 

2.10 

2.14 

mT/(MV/m) 

Celhcell  cplng 

1.61 

1.61 

% 

Qat2.1K 

>5  X  10® 

>5  X  10® 

Active  length 

0.682 

0.906 

m 

Fig.  7  shows  the  surface,  on-axis,  and  effective 
accelerating  fields  for  both  cavity  geometries,  as  a 
function  of  the  velocity  (P)  of  the  particles.  Particle 
tracking  shows  that  there  is  almost  no  emittance  growth 
in  the  SRF  linac. 


Figure  7:  Surface  (En^x),  on-axis  (Eo),  and  effective 
accelerating  (EqT)  fields  for  both  optimized  cavity 
geometries,  as  a  function  of  particle  beta. 

The  SRF  cavities  are  manufactured  by  industry  out  of 
high-purity  RRR  250  niobium  sheets.  They  are  then 
shipped  to  JLab  for  surface  treatment,  where  they  are 
subjected  to  standard  cycles  of  buffered  chemical 
polishing,  high-pressure  ultrapure  water  rinsing,  and 
vacuum  degassing,  after  which  they  are  RF-power  tested 
in  a  radiation-shielded  vertical  Dewar.  Electropolishing,  a 
technique  that  has  been  demonstrated  to  further  improve 
surface  gradients,  will  be  applied  to  the  high  P  cavities  to 
guarantee  good  performance.  The  gradient  performance 
achieved  with  a  total  of  14  medium-P  cavities  and  1 
electropolished  high-P  cavity  is  shown  is  Fig.  8.  So  far, 
all  medium-P  cavities  have  exceeded  the  specification 
during  cw  testing,  some  of  them  by  more  than  50%.  The 
first  electropolished  high-P  cavity  shows  a  gradient  of  21 
MeV/m,  compared  with  a  16.5-MeV/m  specification. 
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Figures:  Performance  of  cavities  in  the  medium P 
cryomodule  at  the  design  Qo  of  5  x  10®.  Also  shown  is  the 
first  electropolished  high  P  cavity. 


Three  medium-P  and  four  high-P  cavities  in  their 
helium  vessels  are  connected  together,  and  RF  couplers, 
HOM  couplers,  field  probes,  and  gate  valves  are  installed, 
forming  a  cavity  string.  All  couplers,  all  medium-P  CMs, 
and  2  out  of  the  12  high-P  CMs  have  been  or  will  be 
tested  in  a  dedicated  test  stand  at  JLab  before  installation 
in  the  tunnel.  The  first  production  cryomodule  is  shown  in 
Fig.  9  in  its  assembly  area.  This  CM,  as  well  as  the 
prototype,  performed  well  in  initial  testing,  giving 
confidence  to  proceed  with  mass  production. 


Figure  9:  The  first  production  medium-P  cryomodule  in 
the  assembly  area.  A  second  string  of  cavities  can  be  seen 
in  the  background. 

Because  SNS  is  a  pulsed  accelerator,  compensation  of 
Lorentz  force  detuning  effects  is  a  concern.  The  RF 
system  has  adequate  margin  to  accommodate  470  Hz  of 
detuning,  but  the  real  detuning  depends  on  cavity 
stiffness,  and  decisions  had  to  be  made  before  cavity 
production  started.  Fast  piezoelectric  tuners  are  installed 
on  all  cavities  to  further  reduce  power  requirements  for 
resonance  control.  Test  results  indicate  that  these  tuners 
are  unnecessary  at  baseline  gradients  as  the  detuning  is 
below  470  Hz  and  that  the  piezo  tuners  are  able  to  reduce 
detuning  even  further  by  a  factor  of  three. 

It  is  critical  that  particulates  not  be  introduced  into  the 
SRF  cavities,  as  the  resulting  field  emission  would 
severely  degrade  their  performance.  A  nonintercepting 
beam  profile  diagnostic,  the  laser  wire,  is  being  developed 
and  tested.  A  laser  scanned  through  the  H-  ion  beam  strips 


off  electrons,  which  are  collected  and  sampled.  The 
position  of  the  laser  versus  electron  intensity  can  replicate 
the  transverse  and  longitudinal  profile  (up  to  single  bunch 
resolution)  and  down  to  the  10^  resolution  level,  as 
shown  in  Fig.  10. 


Figure  10:  Profile  generated  with  a  laser  beam  scanned 
across  the  H-  ion  beam.  The  electron  collector  current  is 
shown  in  the  lower  left  comer.  This  system  will  be  used 
throughout  the  SCL. 

Helium  to  cool  the  SRF  linac  is  provided  by  the  central 
helium  liquefier  (CHL),  major  parameters  of  which  are 
listed  in  Table  3.  Gas  flows  from  two  pairs  of  warm  screw 
compressors,  through  oil  removal,  a  coalescer-demister, 
and  charcoal  filters.  It  is  then  piped  to  the  4.5  K  cold  box 
where  a  standard  liquefier  cycle  sends  helium  through 
cryogenic  transfer  lines  to  the  cryomodules. 

_ Table  3:  Refrigeration  Parameters _ 


32  CMs _ Primary  Secondary  Shield 


Temp.  (K) 

2.10 

5.0 

35-55 

Pressure  (bar) 

0.041,3 

3.0 

4.0-3.0 

Static  load 

850  W 

5.0  g/sec 

6125  W 

Dynamic  load 

600  W 

2.5  g/sec 

OW 

Capacity 

2,850  W 

15  g/sec 

8300  W 

Margin 

100% 

100% 

35% 

Joule  Thompson  valves  on  the  cryomodules  produce 
2.1  K,  0.041  bar  liquid  helium  for  cavity  cooling  and 
4.5  K  helium  for  fundamental  power  coupler  lead  cooling. 
Cooling  boil-off  goes  to  four  cold  compressors  capable  of 
120  g/s  steady  state,  recompressing  the  stream  to  1.05  bar 
and  30  K  for  counter-flow  cooling  in  the  4.5  K  cold  box. 
Transfer  line  and  CHL  installation  are  under  way,  and 
commissioning  of  the  CHL  will  begin  at  the  end  of  this 
calendar  year. 

Accumulator  Ring  (BNL) 

The  1 -ms-long  linac  pulse  is  compressed  to  a  single 
695  ns  bunch  in  the  accumulator  ring  through  multitum, 
charge-exchange  injection.  To  minimize  space-charge 
effects,  transverse  phase-space  painting  is  used  to 
increase  the  total  beam  emittance  to  240  n  mm  mrad, 
thereby  reducing  the  space-charge  tuneshift  to  -0.15.  The 
resulting  halo  is  removed  by  a  two-stage  collimation 
system.  A  1-MHz  RF  system  maintains  a  clean  beam  gap 


14 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


that  is  longer  than  the  extraction  kicker  rise  time.  After 
accumulation,  the  extraction  kicker  directs  the  beam  into 
the  RTBT  line  that  takes  it  to  the  target.  Major  ring 
parameters  are  listed  in  Table  4. 


Table  4:  Major  Parameters  of  the  Ring 


No  of  injected  turns 

1060 

Revolution  frequency 

1.058 

MHz 

Filling  fraction 

68 

% 

Transvrs  emittance  99% 

240 

71  mm  mr 

Transvrs  acceptance 

480 

Jt  mmmr 

Space  charge  tune  shift 

0.15 

AQx,y 

Ring  peak  current 

52 

A 

HEBT/RTBT  Length 

170/150 

m 

Circumference 

248 

m 

RTBT  transvrs  acceptance 

480 

71  mm  mr 

Beam  size  @  tgt  (H  x  V) 

200  X  70 

mmx  mm 

A  variety  of  technical  issues  that  come  with  high-intensity 
operation  of  the  accumulator  have  been  addressed  in  the 
meantime  to  further  ensure  operation  of  up  to  2  MW  at 
1  GeV.  To  control  the  e-p  instability,  solenoidal  coils 
have  been  added  to  certain  areas  of  the  vacuum  chamber 
and  special  electron  collectors  have  been  included  in  the 
present  stripping  area,  while  coating  of  the  interior 
vacuum  chamber  with  titanium  nitride  continues.  At  the 
same  time,  a  research  and  development  (R&D)  program 
to  develop  higher  power  stripping  foils  based  on  a 
diamond  substrate  is  under  way  and  will  be  reported  on 
this  conference.  Dynamic  detuning  of  the  RF  system  has 
been  demonstrated,  and  kicker  rise  and  fall  times  are 
consistent  with  the  design  specifications.  Meanwhile, 
installation  of  the  HEBT  beam  line  and  ring  tunnel 
components  has  started  and  is  making  good  progress. 

Controls 

Controls  for  the  SNS  complex  are  distributed  among 
the  partner  labs  but  are  coordinated  at  ORNL.  SNS  relies 
on  an  EPICS  control  system  and  does  make  use  of  a 
distributed  network  between  partner  labs.  Also  integrated 
into  EPICS  are  the  controls  for  the  utilities  and  the  power 
distribution  systems,  which  were  developed  by  a 
commercial  vendor  that  worked  on  the  SNS  software 
platform. 

TARGET  AND  INSTRUMENTS 

The  SNS  target  consists  of  1  m^  of  liquid  mercury  that 
weighs  ~18  tons.  The  mercury  circulates  constantly  to  aid 
the  target  system’s  ability  to  survive  the  tremendous 
thermo-mechanical  shocks  resulting  from  the  pulsed 
beam  energy  of  ~20  kJ/pulse.  Evidence  of  cavitation- 
induced  pitting  in  the  steel  has  been  investigated  in  detail 
in  a  dedicated  R&D  program  over  the  last  12  months,  and 
several  ways  to  mitigate  these  effects  are  under  way.  Test 
data  show  that  at  ~1  MW  the  present  design  will  sustain 
the  effect  for  at  least  two  weeks.  Constmction  of  the 
target  conventional  facilities  is  proceeding  apace.  Many 
of  the  major  components  are  now  on  site,  and  target 
installation  has  begun. 


Selection  of  SNS  instruments  is  based  on  scientific 
merit,  and  a  peer-review  body  provides  advice  in  that 
regard.  So  far,  16  instruments  have  been  approved,  5  of 
which  are  funded  within  the  SNS  project:  a  high- 
resolution  backscattering  spectrometer;  vertical  surface 
(magnetism)  reflectometer;  horizontal  surface  (liquids) 
reflectometer;  extended  Q-range,  small-angle 
diffractometer;  and  a  third-generation  powder 
diffractometer.  Three  additional  instruments  are  funded 
by  instrument  development  teams;  a  wide-angle  thermal 
chopper  spectrometer,  cold  neutron  chopper  spectrometer 
with  10-  to  100-//eV  resolution,  and  an  engineering 
materials  diffractometer.  Funding  is  being  sought  for  the 
remaining  approved  instmments:  a  high-pressure 
diffractometer,  disordered  materials  diffi'actometer, 
fundamental  physics  beam  line,  high-resolution  thermal 
chopper  spectrometer,  and  a  single-crystal  diffractometer. 

CONCLUSIONS 

SNS  construction  is  proceeding  rapidly.  At  the  time  of 
this  conference,  the  total  project  is  62%  complete.  More 
than  1.3  million  cubic  yards  of  earth  have  been  excavated, 
the  accelerator  tunnels  and  buildings  have  been  turned 
over  for  component  installation,  and  support  buildings  are 
progressing  well.  SNS  is  on  schedule  to  be  completed, 
within  budget,  in  June  2006.  Three  million  person-hours 
of  work  have  taken  place  without  a  lost-time  injury.  Up- 
to-date  information  about  SNS  can  be  found  on  our  web 
site  [1].  Many  SNS  papers  from  other  accelerator 
conferences,  as  well  as  this  one,  can  be  found  using  the 
JACOW  web  site  and  its  excellent  search  engine  [5]  (an 
apology  for  the  incomplete  citation,  but  a  complete  list 
would  go  beyond  the  available  framework  of  this  article). 
Many  of  the  developments  mentioned  here  are  reported  in 
detail  in  other  papers  submitted  to  this  conference,  and 
consulting  those  papers  is  encouraged. 
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THE  FUTURE  GSI  FACILITY:  BEAMS  OF  IONS  AND  ANTIPROTONS 

Walter  F.  Henning,  GSI  Darmstadt,  Germany 


Abstract 

A  brief  description  is  given  of  the  conceptual  layout, 
technical  aspects  and  overall  performance  characteristics, 
some  R&D,  and  the  main  research  areas  of  the  future 
international  facility  for  beams  of  ions  and  antiprotons  to 
be  constructed  at  the  GSI  Laboratory. 

INTRODUCTION 

With  strong  participation  from  its  users  and  the 
international  science  community,  GSI  over  the  past  few 
years  has  developed  plans  [1]  for  a  major  new 
international  accelerator  facility,  using  the  present  GSI 
system  as  an  injector  (Figure  I).  Following  an  evaluation 
of  the  proposal  by  the  Wissenschaftsrat,  the  science 
advisory  committee  to  the  German  federal  government, 
and  its  recommendation  to  construct  the  facility  [2],  the 
government  has  recently  given  approval  for  construction 
under  two  conditions:  that  a  technical  plan  be  developed 
for  staged  construction,  and  that  25%  of  the  total  cost 
come  from  international  partners  [3] . 

The  central  goals  for  the  new  facility  are  to 
substantially  increase  the  intensities  of  ion  beams,  their 
energy,  and  to  provide  secondary  beams  with  unique 
characteristics:  intense  beams  of  short-lived  nuclei  up  to 
1-2  GeV  per  nucleon  and  energetic,  high-quality  beams  of 
antiprotons,  both  with  the  options  for  storage,  beam 
cooling  and  in-ring  experimentation. 


•lO’Vs;  1.5-2  GeV^; 

•Factor  100-1000  over  present  in  intensity 

•4x10”/s  30  GeV  protons 

•10''’/s  “U”*  up  to  25  (-  35)  GeV/u 


•Cooled  radioactive  beams 
•e  -  A  coiiider 

•10”  stored  and  cooled  3(0)  - 15 
GeV  antiprotons 


Secondary  Beams 

•Broad  range  of  radioactive  beams  up  to 
1.5-2  GeV/u;  up  to  factor  1 0  000  in 
intensity  over  present 
•Antiprotons  3(0)  -  30  GeV 


Key  Technical  Features 

•Cooled  beams 

•Rapidly  cycling  superconducting 
magnets 


FACILITY  DESCRIPTION 

The  intensity  of  'low-energy'  ion  beams,  i.e.  beams 
around  1-2  GeV  per  nucleon,  will  be  increased  by  two  to 
three  orders  of  magnitude  over  present  (two  orders  in 
space  charge  limit,  up  to  three  orders  over  actual  present 
performance).  This  will  be  achieved  by  increasing  the 
cycling  rate  of  the  injector,  the  present  synchrotron 
SIS  18,  by  a  factor  ten.  A  second  factor  arises  from 
reducing  the  charge  state  of,  for  example,  uranium  beams 
from  73  to  around  25.  Since  the  space  charge  limit  enters 
quadratically  with  charge  state,  this  gives  close  to  a 
second  factor  of  ten. 

The  most  important  consequence  of  this  will  be  the 
increase  in  secondary  beam  intensities,  i.e.  beams  of 
short-lived  nuclei  ('radioactive  beams')  by  three  to  four 
orders  of  magnitude.  This  comes  from  the  fact  that  in 
addirion  to  the  primary  intensity  increase,  collection 
efficiency  and  storage  of  secondary  beams  will  be 
substantially  improved. 

Ion  beams  of  high  charge-state  and  thus  higher  energy, 
up  to  30-35  GeV  per  nucleon  for  medium  to  heavy 
masses,  will  also  become  available  at  substantially 
increased  intensities  over  present  facilities. 


Figure  1:  The  existing  GSI  facility  (left)  with  the  linear 
accelerator  UNILAC,  the  heavy-ion  synchrotron  SIS  18, 
the  fragment  separator  FRS  and  the  experiment  storage 
ring  ESR;  and  the  new  project  (right)  with  the  double-ring 
synchrotron  SIS 100/200,  the  high-energy  storage  ring 
HESR,  the  collector  ring  CR,  the  new  experiment  storage 
ring  NESR,  the  super-conducting  fragment  separator 
Super-FRS  and  several  experimental  stations.  The  present 
UNILAC/SIS18  complex  serves  as  injector  for  the  new 
double-ring  synchrotron. 

An  important  new  development  at  GSI  will  be  the 
availability  of  high-energy,  high-quality  antiproton  beams 
over  a  broad  range  of  beam  energies,  from  thermal 
energies  up  to  15  GeV. 

A  characteristic  feature  of  the  new  facility  is  the  broad 
usage  of  storage  and  beam-cooler  rings  (see  Figure  1). 
Stochastic  and  electron-beam  cooling  are  widely  used, 
together  with  internal  targets,  which  open  a  range  of  new 
opportunities  for  high-resolution  and  precision 
experiments.  In  particular  electron-beam  cooling, 
originally  developed  to  raise  luminosities  in  proton- 
proton  [4]  and  proton-antiproton  collider  rings  [5]  (but 
never  really  used  at  colliders  pushing  the  energy  frontier 
simply  because  the  needed  electron-beam  energies  and 
powers  were  out  of  reach)  have  proven  to  be  superb  tools 
for  beam  handling  and  beam  improvements  at  the  low- 
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energy  antiproton  and  proton  rings,  and  most  recently  at 
ion  storage  rings  in  particular  the  high-energy  ion  storage 
ring  ESR  at  GSI  [6]. 

Beam  cooling,  storage-ring  beam  handling  schemes, 
and  in-ring  experimentation  are  key  features  of  the  new 
facility.  Some  of  these  aspects,  and  in  addition  research 
and  development  into  rapidly-cycling  superconducting 
magnets  and  vacuum  issues  at  very  high  beam  currents, 
are  discussed  in  other  presentations  to  this  conference 
[7,8]. 

The  research  program  proposed  for  the  future  facility  is 
broad  and  covers  several  areas  of  study  into  the  structure 
of  matter.  It  emphasizes  the  regime  of  the  strong  force 
(quarks,  nucleons,  nuclei,  and  quark  and  nuclear  matter), 
but  also  has  strong  components  into  matter-ion 
interactions  at  the  material  science  level,  in  particular  in 
plasma  physics  and  in  atomic  physics  with  highly  stripped 
relativistic  ions. 


UNILAC 


Figure  2:  Schematic  illustration  of  the  highly  efficient 
parallel  operation  at  the  new  facility.  In  the  example 
shown,  all  four  different  scientific  programs  are  served  in 
parallel:  A  proton  beam  (orange),  accelerated  in  SISlOO, 
produces  antiprotons  (orange  dashed)  in  the  antiproton 
target-station,  which  are  then  collected,  accumulated  and 
cooled  in  the  CR/NESR  storage-ring  combination, 
injected  and  accelerated  in  SISlOO,  and  then  transferred  to 
the  HESR  for  in-ring  experiments.  In  parallel,  i.e.  during 
the  fraction  of  the  SISlOO  super-cycle  not  needed  for  the 
protons,  a  primary  ion  beam  (blue)  is  accelerated  in 
SISlOO  and  slowly  extracted  to  the  Super-FRS  to  produce 
radioactive  secondary  beams  (blue  dashed)  for  fixed 
target  experiments.  (Alternatively  the  radioactive  beams 
could  be  sent  to  the  CR  and  NESR  instead  of  the 
antiprotons  after  fast  extraction  from  SIS  100).  In 
addition,  every  10-100  seconds  a  high-energy  heavy-ion 
beam  (red)  is  accelerated  in  SIS  100/200  and  slowly 
extracted  for  nuclear  collision  experiments;  these 
experiments  require  a  lower  beam  intensity  than  the 
maximum  possible  from  the  accelerator.  Moreover, 
intense  beam  pulses  (green)  are  provided  every  few 
minutes  for  plasma  physics  experiments  that  require  very 
low  repetition  rates. 


The  reasons  for  the  broad  research  program  are 
basically  twofold:  first,  the  methods  and  goals  of  the 
science  exploring  the  (microscopic)  structure  of  matter 
are  often  similar  at  the  different  levels  of  the  hierarchy, 
and  thus  relate  to  each  other  in  a  synergetic  way. 

Second,  though,  to  achieve  the  challenging  goals  in 
beam  intensity  and  overall  accelerator  performance  asked 
for  by  today's  research  programs,  large  (and  very  costly) 
facilities  need  to  be  built  (including  the  present  project).  It 
seems  prudent  simply  from  considerations  of  the 
cost/benefit  ratio  that  such  major  facilities  can  serve 
several  science  fields  or  research  communities 
simultaneously.  The  present  facility,  due  to  the  wide  use 
of  rings  and  the  resulting  intrinsic  cycling  times  and 
storing  possibilities,  leans  itself  well  to  a  highly  parallel 
and  multiple  use.  This  is  illustrated  in  Figure  2. 

THE  RESEARCH  PROGRAM 

An  overview  of  the  various  research  programs,  grouped 
into  five  categories,  is  listed  in  Table  1.  It  is  discussed  in 
detail  in  the  Conceptual  Design  Report  [1]  and  at  various 
workshops.  Here  we  only  repeat  some  overarching 
aspects  that,  to  a  certain  extent,  connect  the  different 
research  areas. 


Main-Separator 


Low-Energy 

Cave 
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Figure  3:  Schematic  layout  of  the  proposed  Super-FRS 
exotic  nuclear  beams  facility  shown  to  scale.  The  three 
main  branches  of  experimental  areas  are  indicated. 
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The  first  goal  is  to  achieve  a  comprehensive  and 
quantitative  understanding  of  all  aspects  of  matter  that  are 
governed  by  the  strong  force.  Matter  at  the  level  of  nuclei, 
nucleons,  quarks  and  gluons  is  governed  by  the  strong 
interaction  and  is  often  referred  to  as  hadronic  matter. 

The  research  goal  of  the  present  facility  thus 
encompasses  all  aspects  of  hadronic  matter,  including  the 
investigation  of  fundamental  symmetries  and  interactions 
that  are  relevant  for  this  regime. 

The  second  goal  addresses  many-body  aspects  of 
matter.  The  many-body  aspects  play  an  important  and 
often  decisive  role  at  all  levels  of  the  hierarchical 
structure  of  matter.  They  govern  the  behavior  of  matter  as 
it  appears  in  our  physical  world. 

These  two  broad  science  aspects,  the  structure  and 
dynamics  of  hadronic  matter  and  the  complexity  of  the 
physical  many-body  system,  transcend  and  determine  the 
more  specific  research  programs  listed  in  Table  1. 


Table  1:  Summary  of  research  areas  at  the  GSI  future 
facility 


Research 

Areas 

Exemplary  Topics 

Facility 

Aspects 

Structure  and 
Dynamics  of 
Nuclei 

Nucleonic  matter 

Nuclear  astrophysics 
Fundamental  symmetries 

Radioactive 

Beams 

Hadron 
Stmcture  and 
Quark-Gluon 
Dynamics 

Non-perturbative  QCD 
Quark-gluon  degrees  of 
freedom 

Confinement  and  chiral 
symmetry 

Antiprotons 

Nuclear 

Matter  and  the 

Quark-Gluon 

Plasma 

Nuclear  phase  diagram 
Compressed 
nuclear/strange  matter 
Deconfinement  and  chiral 
symmetry 

Relativistic 

Heavy-Ion 

Beams 

Physics  of 
Dense 

Plasmas  and 
Bulk  Matter 

Properties  of  high-density 
plasmas 

Phase  transitions  and 
equation  of  state 

Laser  -  ion  interaction 
with  and  in  plasmas 

Bunch 

Compression 

Ultra  High 
BM-Fields 
and  Appli¬ 
cations 

QED  and  critical  fields 

Ion  -  laser  interaction 

Ion  -  matter  interaction 

Highly- 
stripped  rela¬ 
tivistic  ions/ 
Petawatt 

Laser 

The  program  summarized  in  Table  I  builds  on  the 
accelerator  parameters  but  also  forefront  experimental 
equipment.  Examples  are  shown  in  Figure  3  for  the 
research  with  beams  of  short-lived  nuclei  (radioactive 
beams);  and  in  Figure  4  for  the  High  Energy  Storage  Ring 


(HESR)  and  the  internal-target  PANDA  detector,  for  in¬ 
ring  experimentation  with  cooled,  high-quality  energetic 
antiproton  beams  at  energies  covering  the  charmed  quark 
region.  More  information  is  again  found  in  [1], 


0  ■'  20m 


Figure  4:  View  of  the  HESR  and  the  PANDA  Detector. 
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Abstract 

The  design  of  the  Large  Hadron  Collider  incorporates 
the  accumulated  knowledge  obtained  from  previous 
generations  of  hadron  colliders.  Among  the  well  known 
effects  limiting  machine  performance  are  intrabeam 
scattering,  the  beam-beam  interaction  and  stability  against 
collective  motion.  Simulations  and  recent  experiments  in 
the  SPS  have  shown  that  the  electron  cloud  effect 
observed  in  the  B-factories  will  be  present  both  in  the 
LHC  and  in  its  injector.  All  of  these  phenomena  are 
discussed  together  with  the  measure  taken  in  the  machine 
design  to  overcome  them. 

INTRODUCTION 

The  Large  Hadron  Collider,  now  under  construction  at 
CERN  will  provide  proton-proton  collisions  with 
a  centre-of-mass  energy  of  14  TeV  and  an  imprecedented 
luminosity  of  lO^"*  cm'‘  s'^.  In  order  to  achieve  this  it  must 
operate  with  more  than  2800  bunches  per  beam  and 
a  very  high  intensity.  The  stored  energy  per  beam  at 
design  energy  is  350  MJ.  The  machine  will  also  operate 
for  heavy  (Pb)  ion  physics  at  a  luminosity  of  10^’  cm’’  s'^. 

Many  accelerator  physics  issues  must  be  taken  into 
consideration  in  the  machine  design.  The  first  is  a  sound 
and  flexible  optics,  robust  against  inevitable  lattice 
perturbations  and  able  to  cater  for  changes  in  layout 
demanded  by  hardware  builders  and  particle  physicists. 
The  interaction  of  the  beam  with  its  immediate 
environment  and  with  the  other  beam  can  produce  many 
undesirable  effects.  Incoherent  single  particle  effects 
include  the  beam-beam  interaction  due  to  the  influence  of 
the  electromagnetic  field  of  one  beam  on  the  particles  in 
the  other,  and  intrabeam  scattering,  multiple  Coulomb 
scattering  between  the  particles  in  the  same  beam. 
Collective  effects  include  single  bunch  instabilities  driven 
by  short  range  Wakefields  and  coupled  bunch  effects  due 
to  the  large  number  of  bimches  and  small  separation. 
Since  the  unavoidable  imperfections  in  superconducting 
magnets  produce  non-linear  field  errors,  the  issue  of 
dynamic  aperture,  the  maximum  useful  betatron 
amplitude  of  particles  over  a  long  time  duration,  is  also  of 
fundamental  importance. 

The  25  ns  bunch  spacing  can  give  rise  to  a  new  effect, 
now  known  to  be  a  limiting  factor  in  the  B-factories. 
Electrons,  produced  by  synchrotron  radiation  or  by 
ionisation  of  rest  gas,  can  be  accelerated  to  the  walls  of 
the  vacuum  chamber,  producing  secondaries  which  can 
themselves  be  accelerated  by  following  bunches.  This  can 
give  rise  to  a  rapid  build-up  in  the  “electron  cloud”  and  is 
a  source  of  heat  deposition  into  the  cryogenic  system, 
emittance  blow-up  and  even  instability 


MACHINE  LAYOUT 

The  basic  layout  mirrors  that  of  LEP,  with  eight  long 
straight  sections,  each  approximately  500  m  in  length 
available  for  experimental  insertions  or  utilities.  Two  high 
luminosity  insertions  are  located  at  diametrically  opposite 
straight  sections.  Point  1  (ATLAS)  and  Point  5  (CMS). 
A  third  experiment,  optimised  for  heavy  ion  collisions 
(ALICE)  will  be  located  at  Point  2.  A  fourth  experiment 
(LHCb)  will  be  located  at  Point  8.  The  two  detectors  at 
Points  1  and  5  require  a  substantial  amount  of  new  civil 
engineering  infrastructure,  whilst  the  other  two  will  be 
integrated  into  existing  LEP  caverns.  The  beams  cross 
from  one  ring  to  the  other  only  at  these  four  locations. 
Points  2  and  8  also  contain  the  injection  systems  for  the 
450  GeV/c  beams  provided  by  the  SPS. 

The  other  four  long  straight  sections  do  not  have  beam 
crossings.  Points  3  and  7  are  practically  identical  and  are 
used  for  collimation  of  the  beam  halo  in  order  to 
minimise  the  background  in  the  experiments  as  well  as 
the  beam  loss  in  the  cryogenic  parts  of  the  machine. 
Consequently  they  only  contain  classical  warm  magnets 
robust  against  the  inevitable  beam  loss  and  secondary 
shower  from  the  collimators.  Point  4  contains  the  400 
MHz  RF  systems  which  are  independent  for  the  two 
beams,  where  the  beam  separation  must  be  increased  from 
194  mm  in  the  regular  arcs  to  420  mm  in  order  to  provide 
the  transverse  space  needed.  Finally,  Point  6  contains  the 
beam  abort  system,  where  the  two  beams  are  extracted 
using  a  combination  of  fast  pulsed  magnets  and  steel 
septa  and  transported  to  the  external  beam  dumps. 

OPTICS 

The  regular  arc  cell  is  106.9  m  in  length  and  contains 
six  dipoles,  each  of  14.3  m  magnetic  length.  The  lattice 
quadrupoles,  3.1  m  in  length,  are  integrated  into  “short 
straight  sections”  containing  a  combined  orbit  correction 
dipole  and  chromaticity  sextupole  and  space  for  another 
short  corrector,  either  a  trim  quadrupole,  skew  quadrupole 
or  octupole,  depending  on  its  position  in  the  lattice.  The 
dipoles  and  quadrupoles  are  powered  independently,  with 
different  gradients  in  the  two  quadrupole  apertures 
allowing  a  tune  split  of  up  to  ten  units  in  order  to  render 
the  machine  insensitive  to  linear  coupling. 

The  four  collision  insertions  have  a  similar  layout. 
Moving  out  from  the  interaction  point  (IP),  one  first 
encounters  the  inner  triplet.  The  distance  from  the  IP  to 
the  first  element  of  the  triplet  is  23  m,  with  the  IP  at 
Point  8  displaced  longitudinally  by  1 1 .25  m  with  respect 
to  the  centre  of  the  experimental  hall  due  to  the 
asymmetric  geometry  of  the  LHCb  detector.  After  the 
triplet,  the  beams  are  separated.  In  the  high  luminosity 
insertions  1  and  5  the  separation  dipoles  are  not 
superconducting  due  to  the  very  high  particle  flux  from 
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the  IP.  In  the  other  two  insertions  they  must  be 
superconducting  due  to  the  restricted  longitudinal  space 
available  because  of  the  presence  of  the  injection  systems. 

The  long  straight  section  terminates  with  a  twin 
aperture  dipole  to  bring  the  beams  into  the  two  magnetic 
channels  and  a  set  of  four  independently  powered 
matching  quadrupoles.  Between  the  long  straight  section 
and  the  regular  arc  there  is  a  dispersion  suppressor 
approximately  171  m  long,  where  the  dispersion  function 
is  matched  to  that  of  the  arc.  The  first  three  quadrupoles 
in  the  dispersion  suppressor  are  also  independently 
powered  in  order  to  increase  flexibility. 

In  addition  to  the  normal  lattice  correctors  for 
chromaticity  and  orbit  control,  a  number  of  different 
multipole  correctors  are  included  to  compensate  for  field 
imperfections  and  to  control  instabilities.  All  dipoles 
contain  a  sextupole  spool  piece  to  correct  for  persistent 
current  effects  and  residual  sextupole  errors.  Half  of  the 
dipoles  also  contain  a  ganged  octupole  and  decapole 
corrector  to  compensate  unwanted  field  harmonics.  In 
about  half  of  the  main  quadrupole  cold  masses,  octupoles 
are  included  to  provide  Landau  damping  against 
transverse  instabilities.  The  inner  triplets  contain  their 
own  corrector  packs  in  order  to  correct  multipole  errors 
locally  in  the  very  sensitive  regions  where  the  beta 
function  is  very  large  in  collision. 

ACCELERATOR  PHYSICS  ISSUES 

The  Beam-Beam  Interaction 

The  beam-beam  interaction  is  an  inevitable 
consequence  of  bringing  the  beams  into  collision.  The 
particle  trajectories  in  one  beam  are  perturbed  by  the 
electroinagnetic  field  of  the  other  beam.  This  non-linear 
interaction  excites  betatron  resonances  and  also  produces 
a  variation  of  tune  with  amplitude,  generating  a  tune 
spread  in  the  beams  which  makes  it  more  difficult  to  steer 
clear  of  these  resonances. 

Experience  in  the  SPS  has  shown  that  the  beam  lifetime 
is  strongly  reduced  when  particles  straddle  resonances  of 
order  less  than  12.  The  tune  footprint,  the  image  of  the 
beam  in  the  tune  diagram,  must  therefore  be  small  enough 
to  fit  in  between  these  resonances.  The  LHC  working 
point  can  safely  be  placed  close  to  the  diagonal  between 
3rd  and  10th  order  resonances  provided  the  tune  footprint 
stays  below  0.01.  The  value  of  the  beam-beam  parameter 
of  .0034  with  two  insertions  illuminated  is  very  close  to 
that  achieved  routinely  in  the  SPS  collider. 

Due  to  the  small  (25  ns)  bunch  separation  and  crossing 
angle,  the  effect  of  long-range  beam-beam  interactions 
must  also  be  taken  into  consideration.  It  has  been  shown 
that  the  most  optimum  situation  is  obtained  by  alternating 
the  crossing  angle  between  horizontal  and  vertical  in 
adjacent  collision  points.  In  the  initial  commissioning 
phase  of  the  LHC,  it  is  foreseen  to  have  a  75  ns  bunch 
separation  available.  This  minimises  the  effect  of  long- 
range  interactions  and  will  also  eliminate  the  electron 
cloud  effects  mentioned  below. 


Intrabeam  Scattering 

Intrabeam  scattering,  or  multiple  Coulomb  scattering 
between  particles  in  the  same  bunch,  can  give  rise  to 
a  redistribution  of  the  energy  of  oscillation  between  the 
different  degrees  of  freedom.  Roughly  speaking,  the 
bunch  can  be  thought  of  as  a  relativistic  gas  which  is  not 
in  thermal  equilibrium.  Due  to  the  Lorenz  contraction,  the 
longitudinal  phase  plane  is  much  “colder”  than  the 
transverse  planes,  so  a  transfer  of  energy  takes  place 
between  betatron  and  synchrotron  motions.  This  should 
result  in  slow  damping  of  transverse  emittance  and 
increase  in  energy  spread.  However,  due  to  the  dispersion, 
there  is  a  heating  term  in  the  radial  phase  plane  that 
dominates  the  damping  term.  Intrabeam  scattering 
therefore  results  in  an  increase  in  radial  emittance  that  can 
rapidly  degrade  the  luminosity  unless  remedial  action  is 
taken.  The  transverse  emittance  growth  can  be  strongly 
reduced  by  diluting  the  6-dimensional  phase  space  density 
by  artificially  increasing  the  longitudinal  emittance.  In  the 
LHC,  the  emittance  will  be  increased  fi-om  its  injection 
value  of  1  to  2.5  eV.s  at  collision  energy.  This  fixes  the 
maximum  RF  voltage  of  1 6  MV  per  beam  in  order  to  give 
sufficient  bucket  area. 

Dynamic  Aperture  and  Field  Quality 

The  beam-beam  interaction  generates  resonances  due  to 
the  non-linear  nature  of  the  beam-beam  force  and  can 
limit  the  available  aperture  during  collision.  However, 
superconducting  magnets  also  have  non-linear  field  errors 
coming  from  many  sources  including  persistent  currents, 
small  errors  in  coil  geometry  and  redistribution  of  current 
between  the  strands  during  ramping.  These  errors  are 
dominant  at  the  injection  field  level  where  the  beam  must 
survive  for  many  minutes.  The  dynamic  aperture  is 
defined  as  the  maximum  stable  amplitude  of  oscillation  in 
the  presence  of  these  errors  combined  with  other  effects 
such  as  tune  ripple  and  closed  orbit  distortion. 

At  the  present  time  the  only  quantitative  ways  to 
investigate  the  djuamic  aperture  is  by  computer 
simulation  and  by  experiments  on  existing  machines.  For 
the  LHC,  a  computer  farm  has  been  dedicated  to  this 
activity,  where  particles  are  tracked  through  sample 
inachines  where  the  non-linearities  are  statistically 
distributed,  for  up  to  10^  turns.  These  results  are  used  to 
define  limits  for  multipole  field  components  in  the  main 
magnets. 

Dimng  production,  magnet  field  quality  is  continuously 
monitored  directly  at  the  factory  as  soon  as  the  coils  are 
collared.  This  allows  errors  in  fabrication  (for  example, 
missing  shims)  to  be  detected  and  corrected  at  an  early 
stage.  It  also  allows  trends  in  field  quality  and  magnetic 
length  to  be  continuously  monitored  and  corrected  much 
earlier  than  results  are  available  from  cold  tests  of 
assembled  dipoles  would  allow. 

Figure  1  shows  the  measured  sextupole  component  in 
the  main  dipole  for  the  first  80  collared  coils  [1] 
(160  apertures)  produced  in  three  firms.  Early  dipoles 
showed  b3  to  be  substantially  out  of  the  tolerance  band. 
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After  nine  dipoles,  it  was  decided  to  make  a  downward 
correction  of  b3  by  small  modifications  of  the  wedges  in 
the  coil  cross  section.  This  correction  fed  through  after 
dipole  number  30.  The  new  cross  section  has  a  lower 
sextupole  component  which  is  on  the  upper  edge  of  the 
tolerance  band  due  to  the  fact  that  the  b3  drifted  slightly 
upwards  after  the  correction  was  computed.  This 
geometry  is  perfectly  acceptable  from  the  point  of  view  of 
dynamic  aperture  and  will  be  maintained  for  the  whole  of 
the  first  octant  of  dipoles  in  order  not  to  introduce  too 
much  spread  in  b3.  It  will  be  possible  to  introduce 
a  correction  in  the  second  octant  by  changing  slightly  the 
thickness  of  the  mid-plane  insulation  although  a  final 
decision  has  not  yet  been  taken.  The  main  interest  in  a  last 
correction  is  to  increase  the  margin  for  further  possible 
upward  drift  in  b3  which  may  make  the  chromaticity 
correction  more  difficult. 


I _ Mcgnet  nurrbef _ At-ioasun.  | 

Figure  1 :  Sextupole  component  of  the  collared  coils  of  80 
dipoles. 

Field  quality  is  also  measured  on  the  cold  test  benches 
up  to  nominal  field,  where  other  important  effects  such  as 
snapback  and  dynamic  behaviour  of  multipoles  can  be 
studied.  Solid  warm-cold  correlations  have  also  been 
established  for  the  most  important  multipoles,  validating 
the  procedure  of  computing  corrections  on  the  collared 
coils,  where  data  is  available  many  months  before  the 
cold  measurements  are  performed. 

Collective  Effects 

Collective  effects  can  be  broadly  separated  into  single 
bunch  effects,  where  bunch  instability  is  driven  through 
the  short  range  wakefields  generated  by  the  interaction  of 
the  beam  with  its  environment,  and  multibunch 
instabilities  generated  by  the  long  range  wakefields  . 

The  most  common  of  the  single  bunch  instabilities  is 
the  transverse  slow  head-tail  instability.  This  can  be 
suppressed  for  the  rigid  dipole  mode  m=0  by  operating 
the  machine  with  a  small  positive  chromaticity.  Another 
instability  driven  by  the  broadband  impedance  is  caused 
by  coupling  between  transverse  modes  and  is  potentially 
much  more  dangerous  since  it  caimot  be  suppressed  in 
this  way.  However,  this  instability,  unlike  the  head-tail, 
shows  a  threshold  behaviour,  which  occurs  at  about  twice 
the  nominal  beam  current  for  the  LHC.  The  longitudinal 
equivalent  of  the  transverse  mode-coupling  instability  is 
known  as  the  microwave  instability.  Due  to  the  very  low 


coupling  impedance,  the  threshold  for  onset  of  this 
instability  is  also  well  above  the  nominal  bunch  current. 

The  most  important  multibunch  effect  in  the  LHC  is  the 
transverse  resistive  wall  instability.  Its  growth  rate  is 
proportional  to  the  square  root  of  the  resistivity  of  the 
beam  pipe  and  to  the  inverse  cube  of  its  radius.  The 
instability  exhibits  no  threshold  behaviour  but  its  growth 
rate  can  be  reduced  by  coating  the  inside  of  the  beam 
screen  with  a  50  pm  layer  of  copper  and  cooling  it  to 
below  20  K  where  its  resistivity  is  further  reduced.  The 
e-folding  time  for  the  most  dangerous  mode  at 
a  frequency  of  a  few  kHz  then  exceeds  100  turns,  which 
can  easily  be  damped  with  an  active  feedback  system. 

Collective  effects  are  not  only  important  in  the  LHC. 
The  injector  chain,  which  includes  the  PS  and  SPS  must 
deliver  stable  beams  with  well  defined  characteristics.  In 
particular,  before  2002,  the  beam  in  the  SPS  exhibited 
a  strong  microwave  instability  due  to  its  large  coupling 
impedance.  An  intensive  programme  of  impedance 
reduction  has  been  implemented,  removing  all  obsolete 
equipment  from  the  ring,  damping  essential  equipment 
like  kickers  and  septa  and  smoothing  vacuum  chamber 
discontinuities  with  sleeves.  The  results  [2]  have  been 
quite  spectacular.  Figure  2  shows  the  bunch  length  as 
a  function  of  intensity  on  the  injection  plateau  before  and 
after  the  impedance  reduction.  The  data  after  the 
intervention  is  consistent  with  inductive  wall  bunch 
lengthening,  emittance  is  preserved.  Figure  3  shows  the 
quadrupole  mode  frequency  shift  as  a  function  of 
intensity.  The  improved  quality  of  the  data  is  immediately 
apparent.  From  this  data,  the  impedance  (Z/n)  is  estimated 
to  be  about  5  ohms,  approximately  a  factor  of  3  reduction. 

The  result  is  that  stable  beam  can  be  maintained  at 
nominal  intensity  with  an  emittance  of  less  than  0.7  eV.s 
which,  with  the  7  MV  available  in  the  SPS  at  200  MHz, 
will  allow  clean  transfer  and  capture  by  the  LHC  400 
MHz  system  without  the  need  for  the  sub-harmonic 
capture  cavities  originally  foreseen. 
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Figure  2:  Bunch  length  as  a  function  of  intensity  in  the 
SPS  before  and  after  the  impedance  reduction. 
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Figure  3:  Coherent  frequency  shift  of  the  longitudinal 
quadrupole  mode  in  the  SPS  before  and  after  the 
impedance  reduction. 

VACUUM 

The  high  intensity  beams  in  the  LHC  will  deposit  heat 
into  the  cryogenic  surface  surrounding  the  beam  through 
a  number  of  effects,  including  image  currents  (up  to  about 
0.8  W/m)  and  synchrotron  radiation  (0.6  W/m).  These 
heat  loads  cannot  be  taken  at  1.9  K  and  will  be 
intercepted  by  a  beam  screen  fitted  inside  the  magnet  cold 
bore  and  cooled  by  circulation  of  supercritical  helium 
between  5  K  and  20  K.  Gas  desorbed  by  the  synchrotron 
radiation  cannot  be  efficiently  cryo-pumped  by  the  screen 
at  this  high  temperature.  In  order  to  avoid  a  catastrophic 
pressure  rise,  the  screen  is  punched  with  small  holes  over 
about  2%  of  its  surface  so  that  the  cold  bore  of  the 
magnets  at  1.9  K  can  pump  away  the  gas  while  being 
protected  from  the  heat  source.  Heat  can  also  be  produced 
by  inelastic  scattering  of  protons  with  the  residual  gas 
molecules.  This  cannot  be  intercepted  by  the  screen  and 
must  be  transported  away  by  the  superfluid  helium. 

Another  effect  that  can  result  in  considerable  heat  input 
into  the  cryogenic  system  and  vacuum  degradation  is  due 
to  beam  induced  multipactoring  by  the  electric  field  of 
successive  bunches  as  first  observed  [3]  in  the  ISR.  It 
arises  through  a  resonant  motion  of  secondary  electrons 
bouncing  back  and  forth  between  the  walls  of  the  beam 
screen.  If  the  secondary  electron  yield  is  sufficiently 
large,  this  can  lead  to  an  exponential  build-up,  stimulating 
ps  desorption  and  heating  of  the  beam  screen.  This  effect 
is  known  to  limit  the  performance  of  the  B-factories  and 
has  received  much  attention  in  recent  years.  It  has  now 
been  clearly  observed  in  the  SPS  for  LHC  beam 
conditions  [4].  As  the  electron  bombardment  of  the 
surface  proceeds,  it  has  a  conditioning  effect,  reducing  the 
secondary  electron  yield  and  cleaning  the  surface  of  the 
chamber. 


Recent  experiments  at  the  SPS  have  clearly 
demonstrated  this  cleaning  effect.  Figure  4  shows 
a  measurement  of  the  vacuum  pressure  during  a  four  day 
scrubbing”  run.  A  reduction  of  4  orders  of  magnitude 
over  the  scrubbing  period  can  be  observed.  This  is 
accompanied  by  a  reduction  of  the  secondary  emission 
coefficient  of  the  surface  (see  Fig.  5). 


Cumut.  timt  (hours) 

Figure  4:  Evolution  of  vacuum  pressure  with  time  during 
the  SPS  “scrubbing”  run. 


Figure  5:  Reduction  of  the  secondary  emission  yield  on 
the  SPS  vacuum  chamber  during  the  scrubbing  process. 


Experimental  results  have  been  compared  with 
multiparticle  simulation  of  the  process  [5].  For  example, 
in  a  dipole  field  the  simulation  code  predicts  that  the 
electron  bombardment  should  be  concentrated  in  two 
stripes  on  the  top  and  bottom  of  the  vacuum  chamber 
where  the  separation  varies  linearly  with  bunch  intensity. 
Figure  6  shows  a  measurement  of  this  effect  in  the  SPS 
together  with  the  most  recent  simulation  results. 

The  scrubbing  of  the  SPS  vacuum  chamber,  together 
with  the  impedance  reduction  programme  previously 
mentioned  has  allowed  the  SPS  to  accelerate  the  full  LHC 
beam  to  450  GeV.  Further  experiments  are  planned  to 
investigate  the  efficiency  of  the  scrubbing  process  on  cold 
surfaces  similar  to  the  situation  in  the  LHC  itself. 

In  the  warm  regions  of  the  LHC,  the  electron  cloud 
effect  can  be  suppressed  by  coating  the  chamber  with 
a  new  non-evaporable  getter  (NEG)  material  developed  at 
CERN  [6].  This  material  (TiZrV)  can  be  activated  at 
200  C,  a  temperature  lower  than  for  conventional  getters. 
Once  activated,  the  secondary  electron  yield  is  very  low 
and,  as  shovra  in  SPS  experiments,  the  electron  cloud 
effect  is  suppressed.  These  chambers  also  contribute  to 
the  production  of  ultra  high  vacuum  due  to  their  ability  to 
pump  gas. 
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Figure  6:  Distance  between  the  two  strips  as  a  function  of 
intensity  compared  with  simulation  results. 


OPERATION  WITH  PB  IONS 

In  addition  to  high-luminosity  proton-proton  collisions, 
the  LHC  must  provide  Pb-Pb  ion  collisions  with 
a  luminosity  of  up  to  10^’  cm''  s"'.  This  poses  a  number 
of  special  problems.  The  PS  injector  chain  must  be 
supplemented  by  an  intermediate  accumulation  and 
cooling  ring  in  order  to  achieve  the  Pb  ion  beam  of  the 
required  brightness.  This  will  be  achieved  by  converting 
the  existing  low  energy  antiproton  ring  (LEAR)  with 
additional  strong  electron  cooling. 

Another  problem  is  that  a  very  targe  cross  section  is 
predicted  (~  300  bams)  for  electron  capture  by  pair 
production  [7].  This  process  removes  particles  from  the 
beams,  reducing  the  luminosity  lifetime  and  may  affect 
the  quench  behaviour  of  superconducting  magnets  of 
unfavourable  locations.  The  effect  is  under  careful  study. 


CONCLUSIONS 

From  the  point  of  view  of  accelerator  physics,  the  LHC 
machine  design  rests  on  a  sound  base,  with  a  great  deal  of 
accumulated  knowledge  from  previous  projects  to  guide 
the  choice  of  parameters  and  the  steps  needed  to  combat 
imdesirable  effects.  The  most  serious  new  phenomenon 
revealed  is  the  electron  cloud  effect,  where  experiments 
and  simulations  have  led  to  a  good  imderstanding  of  how 
it  will  be  overcome  in  the  LHC. 
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Abstract 

RHIC  is  the  first  hadron  accelerator  and  collider  con¬ 
sisting  of  two  independent  rings.  It  is  designed  to  oper¬ 
ate  over  a  wide  range  of  beam  energies  and  with  particle 
species  ranging  from  polarized  protons  to  heavy  ions.  Ma¬ 
chine  operation  and  performance  will  be  reviewed  that  in¬ 
cludes  gold-on-gold  collisions  at  design  beam  energy  (100 
GeV/u),  first  high  energy  polarized  proton-proton  colli¬ 
sions  (100  GeV  on  100  GeV)  as  well  as  first  asymmetric 
operation  of  RHIC  to  produce  deuteron-on-gold  collisions. 
Plans  for  future  luminostiy  upgrades  will  also  be  presented. 

THE  RHIC  FACILITY 

With  its  two  independent  rings  RHIC  is  a  highly  flexi¬ 
ble  collider  of  hadron  beams  ranging  from  colliding  intense 
beams  of  polarized  protons  to  colliding  fully  stripped  gold 
ions.  The  collision  of  100  GeV/nucleon  gold  ions  probes 
the  conditions  of  the  early  universe  by  producing  extreme 
conditions  where  quarks  and  gluon  are  predicted  to  form  a 
quark-gluon  plasma  -  new  state  of  matter. 

The  RHIC  polarized  proton  collider  will  open  up  the 
completely  unique  physics  opportunities  of  studying  spin 
effects  in  hadronic  reactions  at  high-luminosity  high- 
energy  proton-proton  collisions.  It  will  allow  study  of  the 
spin  structure  of  the  proton,  in  particular  the  degree  of  po¬ 
larization  of  the  gluons  and  anti-quarks,  and  also  verifica¬ 
tion  of  the  many  well-documented  expectations  of  spin  ef¬ 
fects  in  perturbative  QCD  and  parity  violation  in  W  and 
Z  production.  The  RHIC  center-of-mass  energy  range  of 
200  to  500  GeV  is  ideal  in  the  sense  that  it  is  high  enough 
for  perturbative  QCD  to  be  applicable  and  low  enough  so 
that  the  typical  momentum  fraction  of  the  valence  quarks 
is  about  0.1  or  larger.  This  guarantees  significant  levels  of 
parton  polarization. 

During  its  first  three  years  of  operation  RHIC  has  al¬ 
ready  operated  close  to  design  parameters  for  gold-gold 
collisions[l],  had  a  very  successful  operating  period  of 
deuteron-gold  collisions  with  both  beams  at  the  same  en¬ 
ergy  per  nucleon  but,  of  course,  different  rigidity,  and  two 
short  but  very  successful  running  periods  with  polarized 
protons.  RHIC  was  operating  for  all  of  these  runs  with 
beam  energies  of  100  GeV/nucleon  -  the  gold  beam  design 
energy. 

GOLD-GOLD  OPERATION 

Fig.  1  shows  the  layout  of  RHIC  and  the  three  injec¬ 
tor  accelerators  Tandem,  Booster  and  AGS.  The  gold  ions 

*  Work  performed  under  Contract  Number  DE-AC02-98CH 10886  with 
the  auspices  of  the  U.S.  Department  of  Energy 


Figure  1:  Layout  of  RHIC  and  the  injector  accelerators. 
The  gold  ions  are  stepwise  ionized  as  they  are  accelerated 
to  RHIC  injection  energy. 

are  stepwise  ionized  as  they  are  accelerated  to  RHIC  in¬ 
jection  energy,  at  which  point  they  are  fully  ionized.  The 
performance  of  the  injector[2]  is  summarized  in  Table  1. 
The  Tandem  Van  de  Graaff  accelerates  Au“^  from  a  sput¬ 
ter  source  to  about  1  MeV/nucleon.  The  530  ms  long  beam 
pulse  is  stripped  to  Au+®^  and  injected  into  the  Booster  us¬ 
ing  horizontal  and  vertical  phase  space  painting.  After  ac¬ 
celeration  to  about  100  MeV/nucleon  the  beam  is  stripped 
to  Au"*"^^  and  transferred  to  the  AGS  where  it  is  accelerated 
to  the  RHIC  injection  kinetic  energy  of  8.6  GeV/nucleon. 
In  the  AGS  the  beam  bunches  from  the  Booster  are  merged 
to  reach  the  required  intensity  of  about  1  x  10®  Au  ion  per 
bunch  at  a  longitudinal  emittance  of  0.3  eVs/nucleon.  The 
final  stripping  to  bare  Au+'^®  occurs  on  the  way  to  RHIC. 

RHIC  is  the  first  super-conducting,  slow  ramping  accel¬ 
erator  that  crosses  transition  energy  during  acceleration.  At 
transition  energy  the  spreads  of  the  particle  revolution  fre¬ 
quency  stemming  from  the  spread  in  velocity  and  spread  in 
path  length  cancel  exactly  and  all  particles  maintain  their 
relative  position  for  a  long  time.  Interaction  between  parti- 


Table  1:  RHIC  injector  performance 


Location 

RHIC  bunch  intensity 

Efficiency 

Tandem 

5.4  X  10® 

Booster  Injection 

2.9  X  10® 

54% 

Booster  Extraction 

2.4  X  10® 

83% 

AGS  Injection 

1.2  X  10® 

50% 

AGS  Extraction 

1.1  X  10® 

92% 

Total 

20% 

0-7803-7738-9/03/817.00  ©  2003  IEEE 
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Figure  2:  Evolution  of  the  collision  rate  at  the  four  RHIC 
detectors  during  a  typical  store.  The  intensity  drop  at  the 
end  of  the  store  is  due  to  the  removal  of  the  beam  in  the 
abort  gap. 
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Figure  3:  Integrated  luminosity  of  the  four  RHIC  experi¬ 
ments. 


cles  can  then  cause  instabilities.  With  pulsed  quadrupole 
power  supplies  the  transition  energy  is  changed  quickly 
during  acceleration  to  effectively  jump  across  it.  The  dis¬ 
persion  distortion  required  to  change  the  transition  energy 
is  local  and  the  betatron  tune  shift  is  corrected  in  a  zero- 
dispersion  region[3].  This  scheme  allows  for  up  to  1  GeV 
change  in  transition  energy  with  very  little  lattice  distor¬ 
tion. 

The  two  RHIC  rings,  labelled  blue  and  yellow,  are  inter¬ 
secting  at  six  interaction  regions  (IR),  four  of  which  are 
occupied  by  the  collider  experiments  BRAHMS,  STAR, 
PHENIX  and  PHOBOS.  All  IRs  can  operate  at  a  betastar 
between  2  and  10  m.  In  two  interaction  regions  (STAR 
and  PHENIX)  the  quality  of  the  triplet  quadrupoles  allows 
further  reduction  of  betastar  to  1  m.  During  this  run  be¬ 
tastar  was  10  m  at  injection  energy  for  all  IRs  and  was  then 
squeezed  during  the  acceleration  cycle  to  1  m  for  PHENIX, 
2  m  for  the  other  experiments  and  10  m  in  the  remaining 
two  IRs.  A  typical  acceleration  cycle  consists  of  filling  the 
blue  ring  with  56  bunches  in  groups  of  4  bunches,  filling 
the  yellow  ring  in  the  same  way  and  then  simultaneous  ac¬ 
celeration  of  both  beams  to  storage  energy.  During  acceler¬ 


ation  the  beams  are  separated  vertically  by  about  10  mm  in 
the  interaction  regions  to  avoid  beam  losses  from  the  two 
beams  colliding. 

Typical  stores  lasted  about  5  hours.  Fig.  2  shows  the 
evolution  of  the  collision  rate  in  the  four  experiments  dur¬ 
ing  a  typical  store.  After  optimizing  longitudinal  and  trans¬ 
verse  steering  the  initial  observed  luminosity  at  PHENIX 
was  about  3.7  x  10^®  with  an  average  luminosity 

over  the  5  hour  store  of  1.5  x  10^®  cm“^  s“^,  which  is  close 
to  the  design  average  luminosity  .  This  corresponds  to  an 
initial  normalized  95%  beam  emittance  of  about  IStt  /rm 
growing  to  about  SOtt  /rm  at  the  end  of  the  store.  The 
beam  loss  and  transverse  emittance  growth  during  the  store 
is  mainly  caused  by  intra-beam  scattering,  which  is  partic¬ 
ularly  important  for  the  fully  stripped,  highly  charged  gold 
beams[4]. 

The  collision  rate  was  measured  using  identical  Zero 
Degree  Calorimeters  (ZDC)  at  all  four  interaction  regions. 
The  ZDC  counters  detect  at  least  one  neutron  on  each  side 
from  mutual  Coulomb  and  nuclear  dissociation  with  a  to¬ 
tal  cross  section  of  about  10  bams[5].  The  overall  average 
luminosity  for  PHENIX  during  the  last  10  days  of  the  run 
was  0.4  X  10^®  which  gives  an  effective  running 

efficiency  of  27%.  The  integrated  luminosity  over  the  run 
is  shown  in  Fig.  3  and  exceeded  80  for  PHENIX. 

The  gold  beam  intensity  were  limited  mainly  by  vacuum 
break-downs  in  the  room  temperature  sections  of  the  RHIC 
rings[6][7].  Possible  explanations  for  this  process  include 
gas  desorption  from  halo  scrapping  and/or  electron  multi- 
pacting  driven  by  the  gold  beam  bunches.  Gas  desorption 
and  electron  production  is  very  large  for  gold  ions  striking 
the  vacuum  chamber  at  a  glancing  angle.  The  situation  can 
be  greatly  improved  by  baking  all  room  temperature  sec¬ 
tions  to  a  residual  gas  pressure  of  less  than  10“^®  Torr. 

The  bunch  intensity  was  also  limited  by  a  very  fast  single 
bunch  transverse  instability,  shown  in  Fig.  4,  that  develops 
near  transition  where  the  chromaticity  needs  to  cross  zero. 
It  could  be  stabilized  using  octupoles.  This  instability  has  a 
growth  rate  faster  than  the  synchrotron  period  and  is  similar 
to  a  beam  break-up  instability  [9]. 

DEUTERON  GOLD  OPERATION 

During  the  last  running  period  RHIC  was  operating  for 
the  first  time  with  asymmetric  collisions[10].  Colliding  100 
GeV/nucleon  deuteron  beam  with  100  GeV/nucleon  gold 
beam  will  not  produce  a  quark-gluon  plasma  and  there¬ 
fore  serves  as  an  important  comparison  measurement  to  the 
gold-gold  collisions.  The  rigidity  of  the  two  beams  is  dif¬ 
ferent  by  about  20%,  which  results  in  different  deflection 
angles  in  the  beam-combining  dipoles  on  either  side  of  the 
interaction  region  as  shown  in  Fig.  5.  This  requires  a  non¬ 
zero  angle  at  the  collision  point,  which  slightly  reduces  the 
available  aperture. 

The  injection  energy  into  RHIC  was  also  the  same  for 
both  beams  requiring  the  injector  to  produce  beams  with 
different  rigidity.  With  same  energy  beams  throughout 
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the  acceleration  cycle  in  RHIC  the  effect  of  beam  colli¬ 
sions  could  be  minimized.  Typical  bunch  intensity  of  the 
deuteron  beam  was  about  1.2  x  10^^  with  emittances  of 
about  12  TT/rm  [norm.,  95%]  and  0.3  eVs/nucleon.  The 
gold  beam  parameters  were  similar  to  the  gold-gold  oper¬ 
ation  described  above.  The  high  intensity  deuteron  beams 
required  careful  adjustment  of  the  chromaticity,  especially 
around  transition,  to  avoid  transverse  instabilities.  A  peak 
luminosity  of  6.2  x  10^®  cm~‘^  and  store-averaged  lu¬ 
minosity  of  2.8  X  10^®  was  reached  at  the  IRs 

with  the  2  m  betastar. 
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POLARIZED  PROTON  COLLISIONS 

Fig.  8  shows  the  lay-out  of  the  Brookhaven  accelera¬ 
tor  complex  highlighting  the  components  required  for  po¬ 
larized  beam  acceleration[ll][12].  The  new  ‘Optically 
Pumped  Polarized  Ion  Source’[13]  is  producing  10^^  po¬ 
larized  protons  per  pulse.  A  single  source  pulse  is  captured 
into  a  single  bunch,  which  is  ample  beam  intensity  to  reach 
the  nominal  RHIC  bunch  intensity  of  2  x  10^^  polarized 
protons. 

In  the  AGS  a  5%  solenoidal  partial  snake  that  rotates  the 
spin  by  9°  is  sufficient  to  avoid  depolarization  from  imper¬ 
fection  resonances  up  to  the  required  RHIC  transfer  energy 
of  about  25  GeV.  Full  spin  flip  at  the  four  strong  intrinsic 
resonances  can  be  achieved  with  a  strong  artificial  if  spin 
resonance  excited  coherently  for  the  whole  beam  by  driv¬ 
ing  large  coherent  vertical  betatron  oscillations.  The  re¬ 
maining  polarization  loss  in  the  AGS  is  caused  by  coupling 
resonances  and  weak  intrinsic  resonances.  Faster  accelera¬ 
tion  rate  and  a  future,  much  stronger  partial  Snake  should 
eliminate  depolarization  in  the  AGS. 

The  full  Siberian  snakes  (two  for  each  ring)  and  the  spin 
rotators  (four  for  each  collider  experiment)  for  RHIC  each 


Figure  5;  Orbits  of  the  gold  and  deuteron  beams  through 
the  beam-combining  dipole  that  is  located  on  either  side  of 
the  IR.  The  top  figure  shows  the  initial  geometry  at  injec¬ 
tion  with  equal  beam  rigidities.  The  bottom  figure  shows 
the  collision  geometry  with  equal  beam  energies.  Equal 
energy  was  later  also  used  at  injection  to  avoid  beam  loss 
from  beam-beam  induced  tune  modulations. 


Figure  6:  Evolution  of  the  luminosity  and  beam  intensities 
at  the  four  RHIC  detectors  during  two  typical  deuterium- 
gold  stores. 


Intensity 


Figure  4:  Tomographic  reconstruction  of  a  gold  bunch  be¬ 
fore  (top)  and  after  a  fast  transverse  instability [8]. 


consist  of  four  2.4  m  long,  4T  helical  dipole  magnet  mod¬ 
ules  each  having  a  full  360°  helical  twist.  The  9  cm  diam¬ 
eter  bore  of  the  helical  magnets  can  accommodate  3  cm  or¬ 
bit  excursions  at  injection.  Fig.  7  shows  the  orbit  and  spin 
trajectory  through  a  RHIC  snake.  The  super-conducting 
helical  dipoles  were  constructed  at  BNL  using  thin  cable 
placed  into  helical  grooves  that  have  been  milled  into  a 
thick-walled  aluminum  cylinder[14]. 

In  addition  to  maintaining  polarization,  the  accurate 
measurement  of  the  beam  polarization  is  of  great  impor¬ 
tance.  Very  small  angle  elastic  scattering  in  the  Coulomb- 
Nuclear  interference  region  offers  the  possibility  for  an  an¬ 
alyzing  reaction  with  a  high  figure-of-merit  which  is  not  ex¬ 
pected  to  be  strongly  energy  dependent[15].  For  polarized 
beam  commissioning  in  RHIC  an  ultra-thin  carbon  ribbon 
was  used  as  an  internal  target,  and  the  recoil  carbon  nuclei 
were  detected  to  measure  both  vertical  and  radial  polariza¬ 
tion  components.  The  detection  of  the  recoil  carbon  with 
silicon  detectors  using  both  energy  and  time-of-flight  in- 
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formation  showed  excellent  particle  identification.  It  was 
demonstrated  that  this  polarimeter  can  be  used  to  monitor 
polarization  of  high  energy  proton  beams  in  an  almost  non¬ 
destructive  manner  and  that  the  carbon  fiber  target  could 
be  scanned  through  the  circulating  beam  to  measure  polar¬ 
ization  profiles.  In  the  future  a  polarized  gas  jet  will  be 
installed  as  an  internal  target  for  small  angle  proton-proton 
scattering  which  will  allow  the  absolute  calibration  of  the 
beam  polarization  to  better  than  5  %. 

During  the  first  polarized  proton  collider  run  in  RHIC 
from  Dec.  2001  to  Jan.  2002  polarized  beams  were  suc¬ 
cessfully  accelerated  to  100  GeV  and  stored  and  collided 
with  a  peak  luminosity  of  about  1.5  x  10^°  cm“^  s“^.  The 
beam  polarization  at  the  AGS  was  only  about  30%  mainly 
due  to  the  fact  that  a  back-up  AGS  main  power  supply  had 
to  be  used  with  a  much  reduced  ramp  rate  that  amplified 
the  effect  of  the  depolarizing  resonances.  However,  essen¬ 
tially  all  beam  polarization  was  preserved  during  acceler¬ 
ation  and  beam  storage  in  RHIC.  Fig.  9  shows  circulat¬ 
ing  beam  current  and  measured  asymmetries  of  two  typi¬ 
cal  stores.  The  analyzing  power  at  100  GeV  for  the  RHIC 
polarimeters  is  not  known  but  expected  to  be  similar  to  the 
value  at  injection  energy.  Under  this  assumption  the  polar¬ 
ization  at  store  was  typically  about  25  %.  To  preserve  beam 
polarization  in  RHIC  during  acceleration  and  storage  the 
vertical  betatron  tune  had  to  be  maintained  between  0.220 
and  0.235  and  the  orbit  had  to  corrected  to  better  than  1  mm 
rms.  This  is  in  good  agreement  with  the  predictions  from 
spin  tracking  calculations. 

More  than  20  years  after  Y.  Derbenev  and  A. 
Kodratenko[16]  made  their  proposal  to  use  local  spin  ro¬ 
tators  to  stabilize  polarized  beams  in  high  energy  rings,  it 
has  now  been  demonstrated  that  their  concept  is  working 
flawlessly  even  in  the  presence  of  strong  spin  resonances  at 
high  energy. 

For  the  second  polarized  proton  mn  all  eight  spin  rotators 
were  installed  to  allow  for  longitudinal  polarization  at  both 
PHENIX  and  STAR[17].  With  the  nominal  acceleration 
rate  the  polarization  at  the  AGS  was  about  45  %.  Polariza¬ 
tion  of  up  to  35%  was  reached  at  100  GeV  and  longitudi¬ 
nal  polarization  was  produced  at  the  PHENIX  IR.  At  the 
store  energy  of  100  GeV  the  betastar  was  squeezed  from 
10  m  to  1  m  at  STAR  and  PHENIX  and  3  m  at  BRAHMS 


Figure  7:  Orbit  and  spin  tracking  through  the  four  helical 
magnets  of  a  Siberian  Snake  at  =  25.  The  spin  tracking 
shows  the  reversal  of  the  vertical  polarization. 


Figure  8:  Layout  and  design  parameters  for  the 
Brookhaven  polarized  proton  collider.  The  eight  spin  ro¬ 
tators  and  the  absolute  polarimeter  were  not  installed  for 
this  run. 


Figure  9:  Circulating  beam  and  measured  asymmetry  in  the 
blue  and  yellow  RHIC  ring  (blue(dark)  and  yellow(light) 
lines  and  symbols,  respectively)  for  two  typical  stores. 

and  PHOBOS.  The  peak  luminosity  with  1  m  betastar  was 
about  3  X  10^°  cm~^  s~^  with  55  bunches  in  each  ring 
with  a  bunch  intensity  of  0.5  x  10^^  and  a  95%  normalized 
emittance  of  about  12  nfim.  Note  that  the  beam-beam  tune 
shift  parameter  under  these  conditions  is  about  0.003  for 
each  IR  or  0.012  for  four  IRs  with  colliding  beam[18]. 

Operation  at  full  collision  energy  of  y/s  =  500  GeV 
is  planned  for  the  future  with  a  luminosity  of  up  to  2  x 
10®^  cm~^  s~^. 

RHIC  UPGRADE  PLANS 

An  initial  upgrade  of  the  RHIC  luminosity  for  heavy 
ion  operation  by  a  factor  of  four  beyond  design  (2  x 
10^®  can  be  achieved  by  doubling  the  number 

of  bunches  to  1 10  (100  ns  bunch  spacing)  and  reducing  be¬ 
tastar  from  2  m  to  1  m.  As  described  above  this  has  al¬ 
ready  partially  been  achieved  although  further  progress  is 
required  in  controlling  vacuum  break-downs  before  routine 
operation  with  100  ns  bunch  spacing  is  possible. 

Even  further  upgrade  of  the  luminosity  requires  that  the 
emittance  growth  from  intra-beam  scattering  is  reduced  or 
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eliminated.  The  growth  of  the  beam  size  due  to  intra-beam 
scattering  can  be  overcome  by  cooling  the  beams  with  a 
high  intensity  cold  electron  beam[19].  To  cool  the  100 
GeV/n  gold  beam  with  10®  ions  per  bunch  in  RHIC  a  54 
MeV  electron  beam  with  an  average  current  of  about  100 
mA  is  required.  In  this  case  the  charge  of  each  electron 
bunch  is  about  equal  to  the  charge  of  the  ion  bunch.  The 
high  beam  power  of  about  5  MW  of  the  electron  beam 
makes  it  necessary  to  recover  the  beam  energy  by  deceler¬ 
ating  it  in  the  super-conducting  linac  as  has  been  success¬ 
fully  demonstrated  at  JLab  with  a  50  MeV,  5  mA  electron 
beam. 

Table  2  shows  the  parameters  for  future  RHIC  luminos¬ 
ity  upgrades  for  the  first  stage  without  electron  cooling  and 
then  with  electron  cooling.  Electron  cooling  has  the  most 
dramatic  elfect  on  the  luminosity  of  gold  collisions.  How¬ 
ever,  it  also  improves  operation  with  polarized  protons  due 
to  the  lower  beam  emittance. 

Electron  cooling  of  the  high  energy,  heavy  ion  beams 
in  RHIC  extends  beyond  presently  operating  electron  cool¬ 
ing  facilities  in  several  regards:  the  use  of  bunched  electron 
beam  accelerated  by  a  linear  accelerator,  beam  cooling  dur¬ 
ing  collider  operation,  and  the  use  of  a  highly  magnetized, 
angular  momentum-dominated  electron  beam  to  avoid  re¬ 
combination  of  e~  and  Au^®+. 

An  R&D  program  has  started  to  develop  the  critical 
items  of  the  RHIC  electron  cooling  system.  The  high¬ 
brightness,  high-curtent  electron  source  consists  of  a  rf 
photo-cathode  gun  operating  at  700  MHz  capable  of  pro¬ 
viding  2.5  MeV  and  about  100  mA  current.  A  700  MHz 
super-conducting  cavity  for  the  energy-recovering  linac 
will  be  developed  that  is  capable  of  accelerating  the  high 
intensity  electron  beam  without  causing  beam-breakup. 
The  feasibility  of  a  long,  highly  uniform  super-conducting 
solenoid  for  the  electron  cooling  section  will  be  demon- 


Table  2:  RHIC  luminosity  upgrade  with  electron  cooling. 


Gold-gold 

w/o  e-cool. 

with  e-cool. 

Beam  energy  [GeV/n] 

100 

100 

Emittance  (95%)  [rr/zm] 

15-^40 

15^3 

Beta  function  at  IR  [m] 

1.0 

1.0  ^  0.5 

Number  of  bunches 

112 

112 

Bunch  population  [10®] 

1 

1  -^0.3 

Beam-beam  param.  per  IR 

0.0016 

0.004 

Peak  lum. 

32 

90 

Ave.  lum.  [10®® 

8 

70 

Proton-proton: 


Beam  energy  [GeV] 

250 

250 

Emittance  (95%)  [rr/zm] 

20 

12 

Beta  function  at  IR  [m] 

1.0 

0.5 

Number  of  bunches 

112 

112 

Bunch  population  [10^^] 

2 

2 

Beam-beam  param.  per  IR 

0.007 

0.012 

Lum.  [10®® cm“®s“i] 

2.4 

8.0 

strated  with  a  prototype. 

A  low  emittance  cooled  gold  beam  in  RHIC  will  also 
be  essential  for  a  future  electron  ion  collider  at  RHIC. 
A  high  current  10  GeV  polarized  electron  beam  would 
be  collided  with  the  100  GeV/n  cooled  gold  beam  or  the 
250  GeV  polarized  proton  beam  a  RHIC  interaction  re¬ 
gion  with  luminosities  of  5  x  10^°  cm“^  (eAu)  and 
0.5  X  10^^  s~^  (ep). 
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Abstract 

The  challenge  of  achieving  the  Tevatron  Run  II 
luminosity  goal  of  3-10^^  cm'^s"'  requires  high  level  of 
engineering  and  machine  operation,  good  and  reliable 
diagnostics,  and  clear  understanding  of  the  underlying 
accelerator  physics.  Recent  history  demonstrated  steady 
increase  of  the  Tevatron  luminosity,  which  was  supported 
by  each  of  the  three  listed  above  items.  This  report 
reviews  major  developments  in  the  accelerator  physics, 
which  contributed  in  the  Run  II  luminosity  growth. 
Present  limitations  of  the  luminosity  and  projections  of 
further  luminosity  growth  are  also  discussed. 

INTRODUCTION 

The  commissioning  of  Tevatron  Run  II  began  in  the 
spring  of  2001  with  the  first  luminosity  seen  in  June.  By 
the  year  end  the  luminosity  was  in  the  range  of  (5-10)- 10^* 
cm'^s"'.  Although  the  luminosity  growth  was  significantly 
slower  than  expected,  steady  growth  of  luminosity  has 
been  demonstrated  during  last  two  years  with  the  peak 
luminosity  of  42-10^“  cm‘^s'‘  achieved  in  April  2003.  This 
luminosity  growth  would  not  be  possible  without  deep 
insight  into  the  accelerator  physics  problems,  which  have 
restricted  the  machine  operation.  Important  contributions 
came  from  (1)  optics  correction  in  transfer  lines,  (2)  im¬ 
provements  of  helical  beam  separation  in  Tevatron  [1],  (3) 
introduction  of  dual  lattice  operation  in  Accumulator  to 
suppress  intrabeam  scattering  (IBS),  (4)  feedforward 
compensation  of  beam  loading  in  Main  Injector,  (5)  cor¬ 
rection  of  injection  errors  for  antiproton  transfers  from  MI 
to  Tevatron,  (6)  understanding  transverse  instability  in 
Tevatron  with  subsequent  transverse  impedance  reduction 
[2],  and  (7)  active  damping  of  instabilities  in  Tevatron 
[3,4].  Although  imderstanding  of  longitudinal  undamped 
oscillations  in  Tevatron  [5]  not  contribute  directly  to  the 
luminosity  growth  it  has  been  critical  for  planning  Run  11 
upgrades.  Several  interesting  accelerator  physics  prob¬ 
lems  encountered  in  Run  II  commissioning  are  considered 
in  this  report. 

1  IBS  IN  ACCUMULATOR 

Accumulator  [6]  stacks  antiprotons  with  an  average  ac¬ 
cumulation  rate  of  ~10“  per  hour,  so  that  after  20  hours 
the  stack  of  ~2-10'^  antiprotons  can  be  accumulated.  The 
total  number  of  antiprotons  along  with  the  longitudinal 
and  transverse  emittances  are  the  major  parameters  which 
determine  the  collider  luminosity.  At  the  beginning  of 
2002,  once  the  antiproton  source  was  successfully  com¬ 
missioned,  it  became  clear  that  there  is  a  strong  heating  of 
horizontal  degree  of  freedom  in  Accumulator.  That  caused 
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the  horizontal  emittance  to  be  significantly  higher  than  in 
Run  I  (see  Figure  1). 

The  source  of  the  problem  was  found  to  be  the  upgrade 
of  machine  optics,  which  caused  an  increase  in  IBS  heat¬ 
ing.  The  optics  upgrade  was  aimed  to  increase  the  antipro¬ 
ton  production  [7].  That  required  an  increase  of  frequency 
band  for  stochastic  cooling  systems  with  subsequent  de¬ 
crease  of  the  slip  factor  rj  to  prevent  the  bad  mixing.  Al¬ 
though  the  betatron  tunes  were  changed  insignificantly  the 
IBS  heating  rate  was  strongly  increased. 


Stecksi2E,  10’° 


Figure  1 :  Dependences  of  antiproton  normalized  effective 
emittance,  (^  +  Sy)l2,  on  beam  current  (100  mA  =  lO'^) 
before  upgrades  (•),  after  the  stochastic  cooling  upgrade 
(■),  and  after  both  the  cooling  and  optics  upgrades  were 
implemented  (o).  Each  dot  corresponds  to  one  collider 
shot.  Lines  present  emittance  boundaries  for  Run  Ib. 


Typically,  in  Accumulator,  the  longitudinal  velocity 
spread  in  the  beam  frame  is  much  smaller  than  the  trans¬ 
verse  ones,  and  the  transverse  emittance  growth  is  domi¬ 
nated  by  excitation  of  betatron  motion  due  to  energy 
changes  at  collisions.  That  significantly  simplifies  formu¬ 
las.  If  A:||=2.2o^(y^x)^0.15  the  IBS  growth  rates  are: 

aJ^-k)  \  .  (1) 

4 /c  / 


d 

£• 

r^^cN  1 

^  Lc 

dt 

~  4r^p^c\ 

Here  and  c  are  the  proton  classical  radius  and  the  speed 
of  light,  /  and  are  the  relativistic  factors,  C  is  the  ring 
circumference,  N  is  the  number  of  particles,  ap  is  the  rms 
relative  momentum  spread,  a„  Oy,  0^,  and  6y  are  the  rms 
sizes  and  the  local  angular  spreads,  k  is  the  x-y  coupling 

parameter,  denotes  averaging 


over  the  ring,  Lc  is  the  Coulomb  logarithm  (ic«’20). 


Px 


(2) 


and  Or  are  the  horizontal  beta-  and  alpha-functions,  and 
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Dx  and  D'^  are  the  dispersion  and  its  derivative. 

Usually  ring  optics  is  sufficiently  smooth,  and  the  sec¬ 
ond  term  in  Eq.  (2)  can  be  neglected.  However,  in  the  case 
of  Accumulator  optics  upgrade,  average  value  of  is 
well  above  the  value  corresponding  to  the  smooth  lattice 
approximation  and  2.5  times  higher  the  value  before  the 
up^ade.  That  caused  strong  amplification  of  horizontal 
emittance  growth.  To  reduce  the  IBS  we  introduced  dual 
lattice  operation.  The  stacking  is  performed  at  the  stack¬ 
ing  lattice,  which  has  been  designed  for  fast  stacking  but 
has  strong  heating  due  to  IBS.  After  stacking  is  completed 
the  machine  optics  is  retuned  to  the  "shot"  lattice  (similar 
to  the  Run  I  lattice),  which  has  the  same  tunes  but  smaller 
IBS  heating,  and  therefore  is  more  suitable  for  the  final 
cooling.  After  about  20  minutes  cooling,  the  beam  is 
ready  for  extraction. 


Figure  2:  Measured  (solid  lines)  and  calculated  (dashed 
lines)  normalized  95%  emittances  (top)  and  energy  spread 
(bottom)  for  antiproton  current  of  105  mA  in  Accumula¬ 
tor,  K=  0.1  is  used  in  the  simulations. 

Figure  2  presents  computed  and  measured  emittances  of 
antiproton  beam  for  stacking  lattice  with  cooling  turned 
off.  There  is  good  agreement  between  theory  and  meas¬ 
urements  for  the  energy  spread  and  the  vertical  emittance 
but  it  is  not  as  good  for  horizontal  emittance.  However 
good  agreement  was  found  in  the  case  of  proton  beam. 
The  difference  is  caused  by  additional  heating  from  the 
self-stabilized  two-beam  instability  due  to  small  amount 
of  ions  stored  in  the  beam.  The  instability  appears  at 
antiproton  currents  above  ~30  mA.  The  emittance  growth 
related  to  multiple  collisions  with  the  residual  gas  is  suffi¬ 
ciently  large  and  was  taken  into  account  in  the  simula¬ 
tions. 

The  described  optics  manipulations  together  with  the 


core  cooling  upgrade  were  introduced  after  the  2002 
summer  shutdown  and  allowed  us  to  achieve  the  antipro¬ 
ton  beam  emittances  required  for  Run  II. 

2  SINGLE  AND  MULTIPLE  SCATTERING 

I^ere  are  a  few  applications  in  the  Tevatron  complex  for 
which  simultaneous  consideration  of  multiple  and  single 
Coulomb  scattering  is  important. 

The  first  one  is  associated  with  separation  of  different 
heating  mechanisms  contributing  to  transverse  emittance 
growth  in  Tevatron.  The  three  basic  sources  of  the  beam 
heating  are  IBS,  multiple  scattering  on  the  residual  gas 
and  the  noise  in  magnets,  kickers,  etc.  While  the  first  one 
can  be  easily  separated  due  to  strong  dependence  on  the 
beam  parameters,  the  effects  of  the  other  two  look  very 
similar.  Nevertheless,  there  is  a  fundamental  difference 
between  them.  In  distinguish  fi-om  the  noise  the  beam 
interaction  with  residual  gas,  additionally  to  diffusion, 
creates  non-gaussian  tails  due  to  single  scattering.  Ap¬ 
proach  developed  in  Ref  [8]  uses  an  integro-differential 
equation  to  describe  the  evolution  of  the  distribution  in  a 
linear  focusing  field.  The  equation  correctly  treats  both 
single  and  multiple  scattering  and  can  be  written  in  the 
following  form 

ps  00 

0 

where  the  kernel  is 

- - - + 

+(/  +  /')/n,in+/mm'/4) 

X  is  the  damping  decrement  (if  cooling  is  present),  D  is 

the  diffusion  coefficient,  Lc  is  the 

Coulomb  logarithm,  and  are  the  minimum  and 
maximum  actions. 

The  following  experiment  was  performed  to  measure 
the  emittance  growth  rate  and  to  separate  contributions  of 
noise  and  gas  scattering.  A  low  intensity  beam  was  in¬ 
jected  into  Tevatron.  The  beam  was  debunched  (to  reduce 
IBS)  and  scraped  in  both  planes  to  a  known  size.  The 
scrapers  were  then  removed,  and  die  beam  was  left  alone 
for  1  hour.  To  measure  resulting  distribution  we  scraped 
the  beam  vertically  while  measuring  the  beam  current  as 
function  of  scraper  position.  Good  agreement  between  the 
measurements  and  numerical  solution  of  Eq.  (3)  (X=  0) 
has  been  found.  Both  the  emittance  growth  in  the  core  (5 
mm  mrad/hour)  and  the  tail  population  were  described 
well  by  the  model.  That  means  that  in  the  case  of  small 
intensity  beam,  when  IBS  is  negligible,  gas  scattering  is  a 
major  source  of  the  beam  heating  and  there  is  no  visible 
heating  could  be  associated  with  noise.  Last  year  vacuum 
improvements  yielded  some  reduction  of  the  beam  heat¬ 
ing  due  to  gas  scattering  and  reduced  background  in  CDF 
and  DO  detectors. 

The  second  example  is  related  to  the  beam  lifetime 
computations  in  Recycler  where  the  beam  emittances  and 
machine  acceptances  are  quite  close.  Solving  Eq.  (3)  with 
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zero  boundary  condition  at  the  machine  acceptance  we 
found  the  dependence  of  the  rms  beam  size  and  the  beam 
lifetime  as  functions  of  time  for  different  cooling  decre¬ 
ments.  After  some  time  the  system  comes  into  equilib¬ 
rium,  where  the  shape  of  distribution  function  does  not 
depend  on  time,  and  the  intensity  decays  exponentially 
with  the  decay  time  .  We  define  the  lifetime  correction 
factor,  K,  as  a  ratio  of  Too  at  given  equilibrium  emittance 
(determined  by  cooling  decrement)  to  the  lifetime  of  zero- 
emittance  beam  (determined  by  the  single  scattering 
only).  Figure  3  presents  A'  as  a  function  of  ratio  of  the  rms 
equilibrium  emittance  to  the  machine  acceptance.  Without 
cooling  the  rms  beam  emittance  reaches  its  maximum  of 
«0.391,  where  the  lifetime  is  *40  times  worse  than  for  a 
point-like  beam.  Although,  the  model  described  above 
was  developed  for  a  one-dimensional  case,  when  the  aper¬ 
ture  is  limited  in  one  plane  only,  the  results  presented  in 
Figure  3  can  be  used  for  the  lifetime  correction  factor  of 
two-dimensional  case  if  the  emittances  and  the  accep¬ 
tances  in  both  planes  are  equal. 


Emittance/Acceptance 


Figure  3;  Dependence  of  the  lifetime  correction  factor,  K, 
on  the  ratio  of  the  rms  emittance  to  the  machine  accep¬ 
tance. 


The  last  example  of  this  section  is  related  to  the  evolu¬ 
tion  of  longitudinal  distribution  in  Tevatron  governed  by 
IBS.  In  this  case  the  non-linearity  of  potential  well 
changes  the  kernel  in  Eq.  (3)  to  [9]: 


1  / 

Ba^mw' 

2eo'^  E'-E 

(E-E'f 

1  r 

,2m'  E-E’ 

,  E'>E-\-5E, 


E’<E-SE. 


(5) 


Here  cod  is  the  frequency  of  small  amplitude  motion,  E  is 
the  energy,  I  -(l/2^)ijpdx  and  co  =  dEldI  are  the  ac¬ 
tion  and  the  frequency.  Similar  to  Eq.  (4)  the  divergence 
in  Eq.  (5)  at  EaE'  need  to  be  confined  for  the  energy 
difference  below  5E~coDlmm-  Eq.  (5)  reduces  to  Eq.  (4)  for 
linear  motion.  For  the  sinusoidal  potential  of  longitudinal 
motion  the  energy  is, 

E  =  ll  + 0}(^{).-cos{x^  .  (6) 

Evolution  of  the  longitudinal  bunch  profile  in  time  ob¬ 
tained  by  numerical  solution  of  Eq.  (3)  with  kernel  of  Eq. 


(5)  is  presented  in  Figure  4.  The  initial  distribution  func¬ 
tion  has  no  tails,  because  before  acceleration  the  particle 
distribution  fits  into  4  eV  s  bucket  size,  while  after  accel¬ 
eration  the  bucket  size  is  10  eV  s.  Therefore  the  initial 
particle  loss  occurs  due  to  the  single  scattering  only,  later, 
however,  the  tail  population  grows  and  diffusion  loss  be¬ 
gins  to  dominate.  In  distinguish  from  the  standard  (local) 
diffiision  the  large  non-gaussian  tails  are  created  from  the 
very  beginning.  For  a  point-like  beam  the  lifetime  is  de¬ 
termined  by  single  scattering  and  is  equal  to 
To  =  4ic  /  E) .  The  lifetime  decreases  with  beam  expan¬ 
sion  and,  when  the  beam  size  achieves  its  maximum  rms 
size  of  »0.931  rad,  the  lifetime  reaches  its  asymptotic 
value  of  tq  a  0.741 /D . 


RF  phase  [rad] 


Figure  4:  Numerical  simulation  of  the  longitudinal  bunch 
profile  evolution  during  the  store  in  Tevatron. 

3  LUMINOSITY  EVOLUTION 

Numerous  factors  affect  the  Tevatron  luminosity  and  its 
evolution  in  time.  Each  store  is  different  and  because  of 
finite  instrumentation  accuracy  it  is  practically  impossible 
to  state  what  was  different  or  what  came  wrong  for  every 
particular  store.  Nevertheless  the  luminosity  evolution  is 
similar  for  most  of  the  stores.  It  is  driven  by  some  basic 
processes,  which  are  not  very  sensitive  to  the  details  of 
distribution  function,  and  therefore  the  luminosity  evolu¬ 
tion  can  be  described  by  comparatively  simple  parametric 
model.  The  model  takes  into  account  the  major  beam 
heating  and  particle  loss  mechanisms.  They  are  (1)  the 
emittance  growth  and  the  particle  loss  due  to  scattering  on 
the  residual  gas,  (2)  the  particle  loss  and  the  emittance 
growth  due  to  scattering  in  IPs,  (3)  the  transverse  and  lon¬ 
gitudinal  emittance  growth  due  to  IBS,  (4)  the  bunch 
lengthening  due  to  RF  noise,  and  (5)  the  particle  loss  from 
the  bucket  due  to  heating  of  longitudinal  degree  of  free¬ 
dom  [10].  If  the  collider  tunes  are  correctly  set  and  the 
beam  intensity  is  not  too  high  the  beam-beam  effects  are 
not  very  important  and  the  model  describes  the  observed 
dynamics  of  beam  parameters  and  the  liuninosity  com¬ 
paratively  well. 

Figure  5  presents  measured  and  computed  luminosity 
for  the  Store  2138  (Jan.05.2003).  The  only  free  parame¬ 
ters  used  in  the  model  were  the  residual  gas  pressure  of 
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1.2-10'’  Torr  of  molecular  nitrogen  equivalent  at  room 
temperature,  the  x-y  coupling  parameter  «-=  0.45,  and  the 
spectral  density  of  RF  phase  noise  of  50  prad^/Hz.  They 
correspond  to  the  gas  scattering  lifetime  of  380  hours,  and 
the  bunch  lengthening  due  to  RF  noise  of  2.2- 10"^ 
rad^/hour.  RF  phase  noise  was  measured  directly  [11]  and 
agrees  with  the  fit  to  the  model  within  the  measurement 
accuracy  (factor  of  2).  The  computed  proton  and  antipro¬ 
ton  intensities  are  close  to  the  measured  ones  as  can  be 
seen  in  Figure  6.  It  has  been  critical  to  use  the  described 
above  model  for  non-local  diffusion  in  longitudinal  direc¬ 
tion  to  achieve  such  a  good  agreement 


Figure  5:  Dependence  of  luminosity  on  time  for  Store 
2138;  solid  and  dotted  lines  -  luminosity  measured  by 
CDF  and  DO  detectors,  dashed  line  -  model  prediction. 


Figure  6:  Dependence  of  intensities  for  proton  and  anti- 
proton  beams  on  time  for  Store  2138;  solid  lines  -  meas¬ 
urements,  dashed  lines  -  model  prediction. 


Figure  7:  Dependence  of  bunch  lengths  for  proton  and 
antiproton  beams  on  time  for  Store  2138;  solid  lines  - 
measurements,  dashed  lines  -  model  prediction. 


The  major  mechanism  for  loss  of  antiprotons  is  the  lu¬ 
minosity  loss.  The  cross-section  of  70  mbam  is  used  for 
proton-antiproton  scattering  in  the  IP.  The  proton  bunch 
lengthening  (see  Figure  7)  is  mainly  driven  by  IBS,  while 
for  low  intensity  antiproton  beam  the  RF  phase  noise  usu¬ 
ally  dominates.  Figure  8  presents  a  comparison  of  meas¬ 
ured  and  computed  antiproton  emittances  versus  time.  The 
emittances  were  measured  with  synchrotron  light  moni¬ 
tors  [12].  The  obtained  values  were  corrected  for  diffrac¬ 
tion  to  match  them  with  the  effective  emittance  computed 
from  the  luminosity  and  the  emittance  measurements  per¬ 
formed  with  flying  wires  at  the  beginning  and  the  end  of 
the  store.  At  the  beginning  of  the  store,  the  vertical  emit¬ 
tance  grows  significantly  faster  than  the  model  prediction. 
Our  present  belief  is  that  it  is  related  to  an  amplification 
of  diffusion  by  the  beam-beam  effects. 


Figure  8:  Dependence  of  horizontal  and  vertical  antipro¬ 
ton  beam  emittances  on  time  for  Store  2138;  solid  lines  - 
measurements,  dashed  lines  -  model  prediction. 

The  store  2138  discussed  above  has  moderate  discrep¬ 
ancies  with  the  model,  and  can  be  considered  a  regular 
store.  Most  of  our  stores  are  influenced  more  by  the 
beam-beam  interaction,  but  fortunately  it  weakly  affects 
the  luminosity  decay  and  the  luminosity  integral.  Figures 
9  and  10  present  measured  and  computed  parameters  for 
Store  2328  (Mar.20.2003).  The  same  vacuum  and  RF 
phase  noise  were  used  in  the  model.  Unlike  Store  2138, 
both  the  proton  and  antiproton  beam  intensities  decay 
faster  and  the  proton  bunch  length  grows  significantly 
slower  than  the  model  predicts  [12,13].  The  most  probable 
cause  of  such  misbehavior  is  small,  uncontrolled  store-to- 
store  tune  variation  causing  a  loss  of  dynamic  stability  for 
particles  at  large  synchrotron  amplitudes  with  subsequent 
particle  loss  and  reduction  of  bunch  lengthening. 

The  results  presented  above  show  that  the  beam-beam 
interactions  certainly  affect  the  luminosity  decay.  How¬ 
ever  this  effect  is  sufficiently  small.  Thus,  the  developed 
model,  with  some  reservations,  can  be  used  to  analyze  the 
luminosity  dynamics  for  the  final  Run  II  parameters.  Ta¬ 
ble  1  presents  parameters  for  one  of  our  best  stores  (Store 
2328),  typical  collider  parameters  in  April  2003  and  pro¬ 
jections  for  the  final  Run  II  parameters.  Evidently,  in  or¬ 
der  to  increase  the  luminosity  by  a  factor  of  7.2  times  we 
need  to  quadruple  the  number  of  antiprotons  extracted 
from  the  stack.  The  remaining  factor  of  1.8  should  result 
from  the  improvements  in  the  antiproton  transport  and 
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Tevatron.  Three  major  contributions  are  an  increase  of  the 
proton  intensity  by  -30%,  an  improvement  of  coalescing 
in  MI,  and  improvements  of  antiproton  transport  effi¬ 
ciency  (from  the  antiproton  stack  to  the  collisions  in  Teva¬ 
tron).  Two  last  items  are  expected  to  increase  the  transfer 
efficiency  from  -60%  to  -80%.  The  chosen  proton  inten¬ 
sity,  2.7-10"  per  bunch,  corresponds  to  the  linear  head-on 
time  shift  of  0.01  for  each  of  two  IPs.  This  is  the  maxi¬ 
mum  tune  shift  achieved  in  Run  Ib  with  6x6  bunch  opera¬ 
tion.  We  choose  the  maximum  antiproton  intensity  to  be 
half  of  the  proton  intensity.  Further  increase  of  antiproton 
intensity  is  limited  by  antiproton  production. 


Figure  9:  Dependence  of  luminosity  on  time  for  Store 
2328;  solid  and  dotted  lines  -  luminosity  measured  by 
CDF  and  DO  detectors,  dashed  line  -  model  prediction. 


Figure  10:  Dependence  of  intensities  (top)  and  bunch 
lengths  (bottom)  for  proton  and  antiproton  beams  on  time 
for  Store  2328;  solid  lines  -  measurements,  dashed  lines  - 
model  prediction. 


Due  to  reduction  of  luminosity  lifetime  with  growth  of 
peak  luminosity,  the  average  luminosity  grows  slower 
than  the  peak  luminosity.  After  all  Run  II  upgrades  are 
introduced  the  luminosity  integral  is  estimated  to  be  -2.5 
fb'Vyear. 


Table  1 :  Present  and  final  Run  II  parameters 


Store 

2328 

Typical 
Apr.  03 

Final 

Runn 

Protons,  10‘“  /  bunch 

20.7 

20 

27 

Pbars,  10'“/  bunch 

2.54 

2.2 

13.5 

Norm.  95%  proton  emittances, 
eje^i  mm  mrad 

-14/24 

-15/25 

20/20 

Norm.  95%  pbar  emittances, 

^  /£„,  mm  mrad 

-15/24 

-16/25 

20/20 

Proton  bimch  length,  cm 

65 

62 

50 

Pbar  bunch  length,  cm 

59 

58 

50 

Initial  luminosity,  10^“  cm'^s" 

40.5 

35 

290 

Initial  luminosity  lifetime,  hoin 

11 

12 

7.1 

Store  duration,  hour 

19 

20 

15.2 

Lumin.  integral  per  store,  pb"' 

1.71 

1.2 

8.65 
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NEW  ASPECTS  OF  BEAM-BEAM  PHENOMENA  IN 
HADRON  COLLIDERS 

T.  Sen  *,  FNAL,  Batavia,  IL  60510,  USA 


Abstract 

Long-range  beam-beam  interactions  in  Run  n  at  the 
Tevatron  are  the  dominant  sources  of  beam  loss  and  life¬ 
time  limitations  of  anti-protons,  especially  at  injection  en- 
crgy.  The  main  focus  of  the  talk  will  be  observations  of 
the  long-range  effects  during  Run  II  and  theoretical  under¬ 
standing  of  these  effects. 

INTRODUCTION 

The  Tevatron  is  currently  delivering  luminosities  close 
to  4x10^^  cm  ^  sec“^  to  the  CDF  and  DO  experiments. 
In  a  record  store  on  May  2nd,  2003,  (average  initial  lumi¬ 
nosity  =  4.2x10^^  cm“^sec~^),  the  average  bunch  inten¬ 
sities  at  the  start  of  collisions  were  Np  =  1.96  x  10“, 
Np  =  0.25  X  lO’^^.  These  are  to  be  compared  with  de¬ 
sign  values  for  Run  H  of  2.7  x  10“  and  1.35  x  10“  for 
protons  and  anti-protons  respectively.  Beam-beam  effects 
have  generally  been  more  severe  on  the  anti-protons  but 
with  increasing  anti-proton  intensity,  their  effects  on  pro¬ 
tons  are  also  increasing.  I  will  review  the  beam-beam  ef¬ 
fects  at  various  stages  of  the  operational  cycle  of  the  Teva¬ 
tron. 

After  36  bunches  of  protons  are  injected  and  placed  on 
the  proton  helix,  anti-protons  are  injected  four  bunches  at 
a  time.  After  all  bunches  are  injected,  acceleration  to  top 
energy  takes  about  85  seconds.  After  reaching  flat  top,  the 
optics  around  the  interaction  regions  (ERs)  is  changed  to 
lower  P*  from  1.6  m  to  0.35  m  at  BO  and  DO  and  the  beams 
are  brought  into  collision.  During  a  high  energy  physics 
store  each  bunch  experiences  two  head-on  collisions  with 
bunches  in  the  opposing  beam  and  seventy  long-range  in¬ 
teractions.  At  all  other  stages,  each  bunch  experiences  only 
long-range  interactions  -  seventy  two  in  all. 

THEORETICAL  ANALYSIS  OF 
BEAM-BEAM  INTERACTIONS 

Beam-beam  forces  change  the  linear  and  nonlinear  dy¬ 
namics  of  particles  in  fundamental  ways.  The  long-range 
beam-beam  force  has  in  general  both  quadrupolar  and 
skew-quadrupolar  components.  The  magnitude  of  the  tune 
and  coupling  shift  depends  on  the  beam  separation  but  also 
on  the  amplitude  of  the  particle  experiencing  the  force. 
Since  there  is  dispersion  at  the  locations  of  the  long-range 
interactions  in  the  Tevatron,  the  separation  between  the  test 
particle  and  the  other  beam  and  therefore  the  tune  shift  de¬ 
pends  on  the  momentum  deviation  of  the  particle.  An  am¬ 
plitude  dependent  tune  shift  implies  that  the  chromaticity 
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Figure  1:  Beam  separations  at  all  the  parasitics  at  150  GeV 
with  the  design  value  for  the  proton  momentum  spread  and 
the  present  injection  helix. 

shift  is  also  amplitude  dependent.  These  amplitude  depen¬ 
dences  introduce  the  familiar  tune  footprint  but  also  cou¬ 
pling  and  chromaticity  footprints  within  a  bunch. 

Theoretical  expressions  have  been  developed  for  the  am¬ 
plitude  dependent  tune  shifts,  chromaticities  and  coupling 
for  arbitrary  aspect  ratios  [1]  because  the  proton  beam  is 
not  round  at  most  of  the  long-range  interactions.  Some 
conclusions  are  easily  drawn  however  from  the  round  beam 
case.  At  large  distances,  both  the  tune  shift  and  the  cou¬ 
pling  fall  as  1/dP  while  the  chromaticity  falls  off  more 
rapidly  as  1/d^.  The  tune  shift  for  round  beams  vanishes 
if  the  plane  of  the  helix  is  at  45°.  Minimizing  the  chro¬ 
maticity  requires  the  plane  of  the  helix  to  be  either  at  30° 
or  vertical.  The  coupling  vanishes  if  the  separation  is  either 
in  the  horizontal  or  the  vertical  plane.  Since  each  of  these 
parameters  has  a  different  dependence  on  the  helix  angle, 
it  is  not  possible  to  minimize  them  simultaneously  with  a 
choice  of  the  angle. 

Each  anti-proton  bunch  sees  a  different  sequence  of 
long-range  interactions  with  different  optics  functions. 
This  leads  to  a  significant  spread  of  tune  shifts,  coupling 
and  chromaticities  between  the  bunches.  Thus  the  working 
point  for  example  cannot  be  optimized  for  all  bunches  at 
once.  Due  to  the  amplitude  dependence  of  these  quantities, 
the  spread  within  a  bunch  can  be  comparable  to  the  spread 
between  the  bunches. 

Injection  Energy 

There  are  138  different  locations  of  parasitic  interac¬ 
tions  around  the  ring.  Figure  1  shows  the  beam  separa¬ 
tions  with  the  present  helix  and  assuming  the  design  value 
of  (Ap/p) 

rms’  The  smallest  separation  is  about  Aa  close 
to  DO  but  there  is  a  large  variation  between  5-12  cr  at  most 
of  the  other  parasitics.  At  most  parasitics  the  beta  func- 
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Injection  Energy;  small  amplitude  tune  shifts 
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Figure  2:  Beam-beam  induced  tune  shifts  of  anti-protons  at 
small  amplitude,  bunch  by  bunch. 
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Figure  3:  Beam-beam  induced  chromaticity  at  small  am¬ 
plitude,  bunch  by  bunch  (150  GeV). 


tions  are  larger  in  the  horizontal  plane.  This  asymmetry  in 
the  beta  functions  is  reflected  in  parameters  like  the  tune 
shifts. 

Figure  2  shows  the  small  amplitude  tune  shifts  of  the 
anti-protons,  bimch  by  bunch.  The  tune  footprint  at  large 
amplitudes  however  is  determined  by  the  machine  nonlin¬ 
earities  which  change  the  sign  of  the  detuning. 

The  beam-beam  induced  global  coupling  at  small  ampli¬ 
tude  is  of  the  same  magnitude  as  the  lattice  induced  global 
coupling.  Figure  3  shows  the  small  amplitude  chromaticity. 
The  large  spread  in  chromaticity  could  make  some  bunches 
more  sensitive  to  synchro-betatron  resonances  and  to  co¬ 
herent  instabilities  at  high  anti-proton  intensities.  Bunch 
12  suffers  the  least  changes  to  its  tune,  coupling  and  chro¬ 
maticity  from  the  beam-beam  interactions  at  injection. 

Resonance  driving  terms  have  been  calculated  from  a 
nonlinear  map,  first  with  only  the  lattice  nonlinearities  and 
second  with  the  lattice  and  the  beam-beam  nonlinearities 
for  anti-proton  bunch  1.  The  lattice  nonlinearities  include 
the  correction  sextupoles  and  the  error  fields  in  the  mag¬ 
nets.  These  terms  were  evaluated  along  the  diagonal  at  an 
amplitude  of  2a,  and  the  largest  resonance  strength  was 
normalized  to  1.  The  resonance  condition  is  •pv^  -j-  qvy  = 
integer.  Fourth  order  resonances  are  driven  strongly  by 
the  lattice,  the  largest  of  these  being  the  difference  (2,-2) 
resonance.  Addition  of  the  beam-beam  effects  shows  that 
they  dominate  the  lattice  resonances,  as  seen  in  Figure  4 


Figure  4:  Resonance  strengths  at  injection  at  an  amplimde 
of  2a  with  lattice  and  beam-beam  nonlinearities. 
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Figure  5:  Beam  separations  at  all  the  parasitics  at  980  GeV 
with  expected  values  for  the  proton  momentum  spread. 


which  has  a  completely  different  resonance  pattern.  The 
beam-beam  fields  drive  the  seventh  order  resonances,  the 
strongest  at  this  amplitude  being  the  (3, 4)  resonance. 

The  large  energy  spread  at  injection  makes  synchro¬ 
betatron  resonances  also  important.  Calculations  [2]  show 
that  at  present  chromaticities  and  energy  spreads,  the  syn¬ 
chrotron  sidebands  of  some  betatron  resonances  are  wide 
enough  to  overlap  which  may  lead  to  faster  diffusion.  A 
smaller  energy  spread  at  injection  would  therefore  increase 
the  dynamic  aperture  at  injection. 

Collision 

The  smallest  separations  at  the  parasitic  collisions  occur 
at  the  ones  immediately  upstream  and  downstream  of  the 
head-on  collisions  at  BO  and  DO.  Figure  5  shows  the  beam 
separations  around  the  ring.  The  beta  functions  at  these 
four  parasitics  are  also  the  largest.  Consequently  the  tune 
shifts  and  resonance  driving  terms  (for  example)  contain 
the  largest  contributions  from  these  parasitics  amongst  all 
the  parasitics. 

The  bunch  by  bunch  variation  in  tunes  is  quite  differ¬ 
ent  from  the  variation  at  injection  [cf.  Figure  2].  Only  the 
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Figure  6:  Tune  footprints  of  bunches  1,  6  and  12  super¬ 
posed  on  the  5th  and  12th  order  sum  resonances. 

head  (bunch  1)  and  the  tail  (bunch  12)  of  the  train  have  tune 
shifts  significantly  different  from  the  others.  Bunch  1  does 
not  suffer  the  first  parasitic  upstream  (where  /3y  is  large)  of 
the  IPs  and  bunch  12  misses  the  first  parasitic  downstream 
(where  Px  is  large)  of  the  IPs.  Figure  6  shows  the  tune 
footprint  (up  to  6a)  of  these  bunches  and  that  of  bunch  6 
which  is  representative  of  all  the  other  bunches.  The  ex¬ 
tent  of  the  footprint  is  largely  determined  by  the  head-on 
collisions  for  all  bunches.  The  beam-beam  induced  cou¬ 
pling  at  small  amplitudes  is  smaller  than  at  injection.  The 
beam-beam  induced  chromaticity  (both  the  variation  over 
the  bunches  and  the  magnitude)  is  larger  than  at  injection. 

The  head-on  collisions  create  the  strongest  nonlinear 
fields  but  drive  only  even  order  resonances,  mainly  the 
12th  order  resonances.  The  effects  of  these  resonances 
is  considerably  weakened  (by  two  orders  of  magnitude  at 
some  amplitudes)  as  a  consequence  of  phase  averaging  [1], 
However  with  increasing  chromaticity  the  number  of  syn¬ 
chrotron  sidebands  with  significant  width  increases  as  well 
which  increases  the  effective  width  of  the  resonances.  The 
long-range  interactions  drive  the  odd  order  5th  and  7th  or¬ 
der  resonances.  The  relatively  large  chromaticity  generated 
by  these  interactions  create  synchrotron  sidebands  of  these 
resonances  which  overlap  at  relatively  small  amplitudes. 

A  nonlinear  Taylor  map  has  been  used  to  calculate  the 
resonances  with  both  lattice  and  beam-beam  nonlinearities. 
As  at  injection,  we  find  that  at  an  amplitude  of  2a p,  the  7th 
and  5th  order  resonances  driven  by  the  beam-beam  dom¬ 
inate.  The  largest  of  these  are  the  (3,  4)  and  (3,  2)  reso¬ 
nances.  Compared  to  injection,  there  are  now  many  more 
resonances  of  comparable  strength  but  the  strengths  them¬ 
selves  are  smaller. 

SIMULATIONS  AND  EXPERIMENTS 

Injection 

The  beam-beam  interactions  have  a  strong  influence  on 
the  anti-proton  lifetime  at  150  GeV.  During  a  study  in 
September  2002  with  only  anti-protons  injected  into  the 
Tevatron,  the  lifetimes  at  150  GeV  varied  between  10-25 
hours  compared  to  lifetimes  of  1-10  hours  in  stores.  The 


Figure  7:  Dynamic  aperture  after  10®  turns  of  anti-proton 
bunch  1  vs  proton  intensity  at  injection.  The  average  value 
(over  all  angles  in  coordinate  space)  along  with  one-sided 
error  bars  to  represent  the  minimum  value  at  each  intensity 
are  shown. 


Figure  8:  Lifetime  of  anti-proton  bunches  vs  proton  inten¬ 
sities  in  several  recent  stores. 

losses  during  acceleration  were  also  small  about  2%,  com¬ 
pared  to  typical  losses  around  10%  in  stores. 

The  dynamic  aperture  of  a  few  anti-proton  bunches  at 
150  GeV  has  been  calculated  with  extensive  simulations. 
The  nonlinearities  in  the  model  include  the  measured  mul¬ 
tipoles  in  the  magnets,  the  chromaticity  and  feed-down  sex- 
tupoles  together  with  the  beam-beam  interactions.  The  re¬ 
sults  from  two  different  codes,  MAD  and  Sixtrack,  typi¬ 
cally  agree  to  within  15%.  Tracking  results  show  for  exam¬ 
ple  that  the  dynamic  aperture  with  beam-beam  interactions 
drops  by  about  3crp  compared  to  the  case  without  beam- 
beam  interactions.  Figure  7  shows  a  plot  of  the  average 
dynamic  aperture  (after  10®  turns  or  2  seconds  in  the  Teva¬ 
tron)  as  a  function  of  the  proton  bunch  intensity.  The  av¬ 
eraging  is  done  over  several  initial  angles  of  the  particles 
in  physical  space.  This  plot  predicts  that  the  dynamic  aper¬ 
ture  at  150  GeV  is  about  hap  and  nearly  independent  of  the 
proton  intensities  over  this  range. 

Figure  8  shows  the  lifetime  of  anti-protons  at  150  GeV 
as  a  function  of  proton  intensity  over  several  recent  stores. 
The  lifetimes  of  most  bunches  varies  between  2-10  hours 
under  typical  conditions  but  is  observed  to  be  relatively 
independent  of  the  proton  intensities  obtained  so  far  -  in 
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Anti'proton  Dynamic  Aperture  at  ISO  GeV 


Figure  9:  Dynamic  aperture  of  the  first  four  anti-proton 
bunches  at  injection  calculated  from  the  measured  drop  in 
emittance  in  10  recent  stores.  The  error  bars  represent  the 
variation  over  the  stores. 

agreement  with  the  result  expected  from  Figure  7.  In  sev¬ 
eral  recent  stores,  the  emittance  of  the  anti-protons  was  ob¬ 
served  to  decrease  with  time  after  injection.  An  example 
is  seen  in  Figure  10.  We  consider  the  first  four  bunches 
injected  since  their  emittances  are  measured  10  time  with 
the  flying  wires  before  acceleration.  The  dynamic  aper- 


Vaitlcal  Pbar  Emittanca  at150,  vstima 


Figure  10:  Drop  in  vertical  emittance  of  the  first  four  anti¬ 
proton  bunches  after  injection  in  a  recent  store.  The  asymp¬ 
totic  emittance  of  each  bunch  is  a  measure  of  its  dynamic 
aperture. 

ture  was  calculated  from  the  asymptotic  emittance  for  10 
recent  stores  where  there  was  an  observed  emittance  re¬ 
duction.  The  dynamic  apertures,  shown  in  Figure  9,  are  in 
good  agreement  with  the  simulation  results  in  Figure  7. 

Vertical  dampers  were  recently  re-commissioned  at  in¬ 
jection.  The  vertical  chromaticity  can  now  be  dropped  from 
8  to  4  units  while  keeping  the  protons  stable.  At  this  lower 
chromaticity  we  have  not  observed  the  sharp  drop  in  anti¬ 
proton  emittance  during  injection.  The  dynamic  aperture 
has  therefore  increased  from  the  value  shown  in  Figure  9. 

A.  Kabel  at  SLAC  has  developed  a  six -dimensional  code 
called  PlibB  for  lifetime  simulations.  An  interesting  pre¬ 
diction  from  one  of  his  simulations  is  a  significant  increase 


AntIProton  Ramp  Efficiency  vs  Vertical  Emittance 


Figure  11:  Anti-proton  ramp  efficiency  vs  anti-proton  ver¬ 
tical  emittance  in  several  recent  stores. 


in  the  lifetime  when  the  vertical  chromaticity  is  reduced 
below  4  units.  Another  parallel  code  called  BeamBeamSD 
has  been  developed  by  J.  Qiang  at  SLAC.  As  with  KabeTs 
code,  the  only  nonlinearities  included  so  far  are  those  due 
to  the  beam-beam  interactions.  Lifetimes  from  simulations 
using  this  code  can  be  in  the  range  of  1-2  hrs  if  the  physical 
aperture  is  small  enough.  Further  development  will  include 
the  nonlinearities  of  the  magnets. 


Ramp  and  squeeze 

A  significant  fraction  of  proton  losses  during  the  ramp 
occur  in  the  first  20  seconds  while  the  bucket  area  is  shrink¬ 
ing.  Dedicated  studies  have  shown  that  the  proton  losses 
are  determined  by  the  longitudinal  emittance  and  the  qual¬ 
ity  of  coalescing  in  the  Main  Injector.  Beam-beam  effects 
on  protons  during  the  ramp  do  not  appear  to  be  significant 
until  now.  Anti-proton  losses  during  the  ramp  were  mea¬ 
sured  to  be  ~2%  during  a  dedicated  anti-proton  only  store 
in  September  2002.  However  during  regular  stores  with 
protons  present,  anti-proton  losses  averaged  around  11% 
in  March  2003.  These  losses  occur  during  the  entire  ramp. 

The  beam  separations  (in  scaled  units)  are  kept  constant 
from  150  GeV  to  500  GeV  by  increasing  the  separator  volt¬ 
ages  proportionally  to  VE.  At  higher  energies  there  is  not 
enough  separator  strength  to  maintain  constant  separations 
so  the  beam  separations  fall  by  about  30%  during  the  sec¬ 
ond  half  of  the  ramp.  Mitigating  the  beam-beam  driven  loss 
requires  an  increase  in  the  beam  separations  during  the  en¬ 
tire  ramp  with  a  different  combination  of  separators. 

The  anti-proton  loss  during  the  ramp  is  also  well  cor¬ 
related  with  the  anti-proton  vertical  emittance,  as  seen  in 
Figure  11.  Reducing  the  emittance  blow-up  while  inject¬ 
ing  anti-protons  in  the  Tevatron  onto  the  anti-proton  helix 
would  therefore  also  reduce  the  loss  dining  the  ramp.  The 
longitudinal  emittance  does  not  appear  to  have  much  influ¬ 
ence  on  the  anti-proton  losses  during  the  ramp. 
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Vertical  emittance  growth  rate  (Ist  hour  in  store):  Stores  2441  and  2445 
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Figure  12:  Bunch  by  bunch  vertical  emittance  growth  rates 
at  the  beginning  of  two  recent  stores.  Lowering  the  vertical 
tune  by  0.001  helped  lower  the  growth  rate  in  Store  2445. 

Collision 

Extensive  dynamic  aperture  and  other  tracking  calcula¬ 
tions  at  collision  optics  and  Run  II  design  parameters  lead 
to  several  conclusions.  For  example,  the  head-on  inter¬ 
actions  largely  determine  the  tune  footprint  but  they  have 
very  little  influence  on  the  dynamic  aperture.  Of  the  sev¬ 
enty  long-range  interactions,  the  four  interactions  near¬ 
est  to  the  two  IPs  are  the  most  important  in  determining 
the  DA  but  the  synchro-betatron  resonances  driven  by  the 
other  long-range  interactions  are  important.  These  calcula¬ 
tions  also  predict  that  the  DA  will  drop  by  about  la  from 
present  intensities  (Np  ~  210  x  10^)  to  design  intensity 
(Np  =  270  X  10®).  Analysis  of  data  shows  that  at  present 
the  anti-proton  lifetime  during  stores  is  not  strongly  influ¬ 
enced  by  the  beam-beam  effects. 

In  several  dedicated  studies  we  have  explored  the  pos¬ 
sibility  of  improving  the  anti-proton  lifetime  by  changing 
the  collision  helix.  In  the  first  set  of  studies  (done  in  Au¬ 
gust  and  September  of  2002),  the  helix  size  in  the  short  arc 
(between  BO  and  DO  in  the  proton  direction)  was  changed. 
This  changed  the  separation  at  two  of  the  four  parasitics 
nearest  the  IPs.  Opening  the  helix  vertically  seemed  to  im¬ 
prove  the  lifetime  in  the  experiment.  In  subsequent  stores 
the  helix  was  increased  vertically  by  8%  in  the  short  arc 
but  no  significant  improvement  of  anti-proton  lifetimes  was 
observed.  Opening  the  helix  horizontally  in  the  short  arc  at 
the  start  of  a  few  stores  did  not  also  show  much  improve¬ 
ment  in  the  lifetime. 

More  recently  in  a  study  done  on  March  21, 2003,  at  the 
end  of  a  store,  the  helix  was  changed  in  the  entire  ring  and 
in  both  planes  simultaneously.  Losses  stayed  nearly  the 
same  when  the  helix  was  opened  by  20%.  On  decreasing 
the  helix  size,  the  losses  in  both  beams  decreased  at  first  - 
perhaps  due  to  the  beams  moving  away  from  the  collima¬ 
tors  in  the  long  arc.  When  the  helix  was  was  reduced  by 
more  than  80%,  losses  climbed  -  a  combination  of  beam- 
beam  effects  and  tunes  changing  with  the  helix  size.  The 
experimental  results  from  increasing  the  helix  size  at  colli¬ 
sion  have  therefore  been  somewhat  mixed  so  far. 

Emittance  growth  at  the  start  of  a  store  has  occasionally 


been  a  concern.  In  most  of  these  cases  the  anti-proton  emit¬ 
tance  growth  rate  was  large  at  the  start,  then  dropped  with 
falling  beam  intensities.  This  emittance  growth  is  strongly 
bunch  dependent;  typically  bunches  1  and  12  have  lower 
growth  rates  than  the  others.  Small  changes  to  the  tune  usu¬ 
ally  suffice  to  lower  the  growth  rate.  Figure  12  shows  an  ex¬ 
ample  from  two  recent  stores.  In  Store  2441  the  growth  i^te 
was  large  for  most  bunches.  In  Store  2445  lowering  the  ver¬ 
tical  tune  by  0.001  reduced  the  growth  significantly.  Even 
with  the  lower  growth  rate  there  are  differences  amongst 
bunches  due  to  the  differences  in  bunch  tunes.  More  de¬ 
tails  about  experimental  beam-beam  studies  can  be  found 
in  a  companion  paper  [3]. 

SUMMARY 

We  summarize  the  status  of  beam-beam  effects  in  the 
Tevatron.  At  injection  energy  they  limit  the  anti-proton 
lifetime  to  under  10  hrs  but  have  not  influenced  proton 
lifetimes  much.  During  the  ramp  anti-proton  losses  (and 
perhaps  emittance  growth)  are  largely  due  to  beam-beam 
effects.  Occasional  proton  losses,  large  enough  to  quench 
the  Tevatron,  during  the  final  cogging  and  squeeze  are  at¬ 
tributed  to  beam-beam  effects.  Proton  losses  during  lumi¬ 
nosity  are  occasionally  much  higher  than  observed  during 
machine  studies  with  only  protons  of  similar  intensities. 
Lifetimes  of  both  anti-protons  and  protons  at  collision  how¬ 
ever  are  largely  determined  by  luminosity  with  a  compara¬ 
ble  contribution  from  residual  gas  scattering  to  the  proton 
lifetime. 

We  are  vigorously  pursuing  several  ways  of  reducing 
beam-beam  limitations  at  all  stages.  New  helical  solutions 
that  increase  the  separations  are  being  developed  and  tested 
using  the  present  set  of  electrostatic  separators.  There  are 
also  plans  to  install  additional  separators  around  the  IPs 
to  increase  the  separations  at  the  nearest  parasitics.  Other 
planned  measures  include  (a)  Improving  the  alignment  in 
the  Tevatron,  (b)  Injecting  beams  with  smaller  emittances, 
(c)  Operating  with  lower  chromaticities,  (d)  Testing  differ¬ 
ent  bunch  patterns,  (e)  Improving  the  IR  optics,  (f)  Search¬ 
ing  for  better  working  points,  (g)  Active  compensation  of 
beam-beam  effects  with  the  Tevatron  electron  lens  [4]  and 
perhaps  in  tandem,  compensation  with  current  carrying 
wires. 
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Abstract 

We  introduce  the  R&D  program  for  electron-cooling  of 
the  Relativistic  Heavy  Ion  Collider  (RHIC).  This  electron 
cooler  is  designed  to  cool  100  GeV/nucleon  bunched- 
beam  ion  collider  at  storage  energy  using  54  MeV 
electrons.  The  electron  source  will  be  an  RF  photocathode 
gun.  The  accelerator  will  be  a  superconducting  energy 
recovery  linac.  The  frequency  of  the  accelerator  is  set  at 
703.75  MHz.  The  maximum  bunch  frequency  is  28.15 
MHz,  with  bunch  charge  of  10  nC.  The  R&D  program  has 
the  following  components:  The  photoinjector,  the 
superconducting  linac,  start-to-end  beam  dynamics  with 
magnetized  electrons,  electron  cooling  calculations  and 
development  of  a  large  superconducting  solenoid. 

INTRODUCTION 

The  Collider-Accelerator  Department  (C-AD)  at 
Brookhaven  National  Laboratory  is  operating  the 
Relativistic  Heavy  Ion  Collider  (RHIC),  which  includes 
the  dual-ring,  3.834  km  circumference  superconducting 
collider  and  the  venerable  AGS  as  the  last  part  of  the 
RHIC  injection  chain. 

CAD  is  planning  on  a  luminosity  upgrade  of  the 
machine.  One  important  component  of  the  luminosity 
upgrade  is  electron  cooling  of  RHIC.  In  addition,  electron 
cooling  is  essential  for  eRHIC,  a  future  electron-ion 
collider.  This  project  has  a  number  of  new  features  as 
electron  coolers  go:  It  will  cool  use  54  MeV  electrons;  it 
will  be  the  first  attempt  to  cool  a  collider  at  storage- 
energy;  and  it  will  be  the  first  cooler  to  use  a  bunched 
beam  and  a  linear  RF  accelerator  as  the  electron  source. 

The  linac  will  be  superconducting  with  energy  recovery. 
The  electron  source  will  be  a  photocathode  gun.  The 
project  is  carried  out  by  the  Collider- Accelerator 
Department  at  BNL  in  collaboration  with  the  Budker 
Institute  of  Nuclear  Physics  [1]  and  Jefferson  National 
Accelerator  Facility. 

The  parameters  of  the  electron  beam  for  the  RHIC 
electron  cooler  are:  Bunch  charge  10  nC,  average  current 
94mA  (RHIC)  or  280mA  (eRHIC),  energy  up  to  54  MeV, 
rms  normalized  emittance  50  pm,  energy  spread  0.02%. 

*  Under  contract  with  the  United  States  Department  of  Energy,  Contract 
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We  simulated  the  performance  of  the  cooler  with  the 
computer  code  Simcool  [2].  Figure  1  shows  the 
performance  of  the  cooler  for  a  proton  beam  at  a  few 
energies. 


Time,  hours 

Figure  1.  Cooling  proton  beams  at  RHIC. 

The  two  RHIC  rings  would  require  two  coolers 
operating  simultaneously.  In  the  following,  we  will 
describe  the  ongoing  R&D  program  aimed  at  reducing  the 
risks  associated  with  a  construction  of  this  novel  device. 

ELECTRON  GUN 

We  will  produce  the  electron  beam  with  a  CW 
photoinjector  (laser  photocathode  RF  gun).  The  cathode 
of  the  gun  will  be  inunersed  in  a  magnetic  field  to 
produce  a  ‘magnetized’  electron  beam. 

Photocathode  development 

We  plan  on  using  CsK2Sb  (cesium  potassium 
antimonite)  cathodes.  These  cathodes  exhibit  a  very  high 
quantum  efficiency  of  over  5%  for  green  light  [  3].  This 
material  is  sensitive  to  contaminants  and  we  have  initiated 
a  research  program  to  study  the  deposition  and  lifetime 
issues  for  various  vacuum  qualities.  The  UHV  deposition 
system  is  shown  in  Figure  2.  The  rightmost  chamber  is  the 
deposition  chamber,  the  middle  one  is  a  storage  chamber 
and  the  one  on  the  left  is  a  test  chamber.  A  manipulator 
arm  allows  the  transfer  of  targets  between  chambers. 
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Laser  development 

We  will  use  a  highly  efficient,  diode-pumped,  solid- 
state  laser  at  a  wavelength  of  1064nm,  where 
commercially  available  oscillators  can  provide  continuous 
mode-locked  operation  with  lO’s  of  watts,  we  need  an 
efficient  method  to  convert  the  light  to  532nm  as  well  as 
reduce  the  pulse  repetition  frequency  from  about  80  to 
100  MHz  to  9.4  or  28  MHz.  We  are  investigating  a 
resonant  multi-pass  cavity.  The  IR  pulse  stream  passes 
once  through  the  bowtie  cavity,  the  2"“  harmonic  at 
532nm  is  trapped  for  a  number  of  turns  in  the  cavity  and 
is  coherently  converted  with  high  efficiency. 

CW photoinjector  development 

We  adopt  the  design  of  the  Los-Alamos  /  Advanced 
Energy  Systems  of  a  2.5  cell,  700  MHz  normal¬ 
conducting  photoinjector.  The  device  will  be  powered  by 
a  1  MW  CW  klystron  and  produce  about  2.5  MeV  beam 
at  over  100  mA.  Figure  4  shows  an  outline  of  the 
photoinjector  with  the  calculated  electric  field 
distribution. 

SUPERCONDUCTING  LINAC 

Following  some  initial  acceleration  to  about  2.5  MeV 
the  beam  will  be  injected  into  a  703.75  MHz 
superconducting  Energy  Recovery  Linac  (ERL).  Each 
linac  cavity  has  5  cells  with  aperture  of  19  cm  diameter. 
We  plan  to  intercept  the  Higher-Order  Mode  (HOM) 
power  by  ferrite  absorbers  located  in  the  beam  pipe  at 
room  temperature  [4].  Following  the  initial  20  cm  beam- 
pipe  at  19  cm  diameter  (serving  to  block  the  fundamental 
mode),  the  beam  pipe  is  enlarged  to  24  cm  diameter  in 
order  to  conduct  the  HOMs.  For  the  TEll  mode,  the 


enlarged  pipe  (24cm)  has  a  cutoff  frequency  of  732  MHz, 
which  is  below  all  HOMs. 

This  structure  has  been  simulated  by  MAFIA.  Figure  5 
shows  some  electric  field  patterns  of  HOMs  with  the 
lowest  frequencies.  HOM  with  higher  frequencies  will  be 
less  important.  Table  1  shows  the  external  Q,  which 
measures  how  much  power  drains  to  the  beam  pipe  and 
will  be  absorbed  by  the  ferrite.  Most  modes  couple 
extremely  well  to  the  ferrite  with  the  exception  of  three 
TM  modes  clustered  between  952  to  964  MHz.  A  separate 
coupler  will  drain  these  modes. 

We  investigated  the  Beam  Break-Up  (BBU)  of  the  new 
cavity  [4]  using  the  computer  simulation  code  TDBBU 
developed  in  Jefferson  Lab.  We  simulated  an  ERL  with  a 
circumference  of  251  RF  wavelengths,  about  108  meters. 
The  bunch  repetition  rate  was  fixed  at  9.4  MHz.  Simple 
transverse  optics  was  assumed  as  the  design  of  the  cavity 
and  transport  is  still  underway.  R/Q  and  Q  values  of 
major  HOMs  with  ferrite  HOM  absorbers  were  calculated 
by  MAFIA.  The  preliminary  results  are  shown  in  Figure 
5.  The  threshold  current  can  exceed  1000  mA  for  a 
reasonable  distribution  of  frequencies  of  the  HOMs  of 
0.001  rms. 

MAGNETIZED  BEAM  TRANSPORT 

Figure  6  is  a  schematic  layout  of  the  RHIC  high-energy 
cooler  [5].  There  are  a  few  straight  sections  in  RHIC 
where  the  electron  cooler  may  be  introduced.  We  are 
considering  a  placement  next  to  IP4  of  RHIC,  in  the 
straight  section  between  Q3  and  Q4,  which  can  accept 
about  30  m  long  solenoids.  The  electron  accelerators  will 
reside  outside  the  RHIC  tunnel. 


Figure  6.  Schematic  layout  of  the  high-energy  cooler. 


The  lattice  can  debunch  the  beam  in  order  to  reduce  the 
space-charge  interaction  of  the  electron  and  ion  beams  or 
to  reduce  the  energy  spread  of  the  electron  beam.  The 
beam  transport  has  to  obey  certain  rules  in  order  to 
preserve  the  magnetization  of  the  beam  in  the  transport 
with  discontinuous  magnetic  field.  Emerging  from  the 
long  cooling  solenoid,  the  electron  beam  will  be  separated 
from  the  ion  beam,,  rebunched  (to  match  the  linac 
acceptance)  and  decelerated  to  recover  its  energy.  We 
dump  the  beam  at  about  2.5  MeV. 


Merging  the  low  energy  and  high-energy  beams  at  the 
entrance  of  the  linac  uses  two  weak  dipoles  with  a 
Stabenov  Solenoid.  The  linac  design  assumes  the  use  of 
3rd  harmonic  cavities  for  additional  control  of  the 
longitudinal  phase  space. 

We  propose  to  use  two  solenoids  with  opposing  fields 
in  the  cooling  section  to  eliminate  coupling  in  the  ion 
beam.  A  quadrupole  matching  section  between  the 
solenoids  maintains  magnetization. 

A  start  to  end  simulation  with  PARMELA  for  non- 
magnetized  beam  shows  energy  spread  of  8x10'^  in  the 
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cooling  solenoid  and  a  normalized  emittance  of  24 
microns  rms  to  10  nC  bunches.  For  a  magnetized  beam 
the  simulation,  a  transverse  temperature  of  100  eV  is  seen 
past  the  linac  and  1500  eV  inside  the  cooling  solenoid. 
Part  of  the  temperature  growth  in  the  linac  is  due  to  a 
conflict  between  emittance  correction  and  magnetized 
beam  transport.  We  have  ideas  on  how  to  resolve  that.  A 
simplification  of  the  debunching  section  can  lead  to 
additional  reduction  of  temperature. 

SUPERCONDUCTING  SOLENOID 

For  high  electron  temperature,  the  influence  of  the 
magnet  field  is  very  significant,  and  for  a  temperature 
approaching  1000  eV,  it  is  necessary  to  use  a  solenoid 
magnet  field  of  about  IT.  The  required  precision  is  of  the 
order  of  the  ions’  angular  spread,  A0.  In  our  case  A0  is 
about  10'^.  Cooling  simulations  show  that  we  require  a 
solenoid  error  below  8x1  O'*. 

The  superconducting  solenoid  for  electron  cooling  in 
RHIC  is  designed  for  a  1  T  field,  with  ample  quench 
margin.  The  total  available  space  for  solenoids  is 
approximately  26  meters.  Naturally,  we  would  like  to  use 
a  very  long  solenoid  to  increase  the  cooling  rate.  In  order 
to  facilitate  production,  testing  and  installation,  we  plan  to 
construct  the  solenoid  in  two  sections  of  13  meters  each. 
We  chose  a  rectangular  conductor  of  2.4  mm  x  1 .6  mm 
cross  section  to  achieve  good  field  quality,  as  well  as  a 
reasonable  inductance.  The  desired  field  of  1  T  is 
obtained  at  ~lkA  with  a  two  layer  coil.  The  conductor 
has  a  rather  large  copper  to  superconductor  ratio  of  7:1  for 
simple  quench  protection,  and  still  provides  about  90% 
quench  margin.  Thus,  the  solenoid  can  be  operated  at 
significantly  above  1  T,  if  needed.  Figure  7  shows  a 
transverse  cross  section  of  the  solenoid. 

The  solenoid  must  meet  very  stringent  field  quality 
requirements.  We  anticipate  that  typical  construction 
tolerances  will  not  achieve  the  desired  field  quality. 
Consequently,  the  solenoid  will  also  have  concentric 
arrays  of  ~  150mm  long  vertical  and  horizontal  dipole 
correctors  to  compensate  for  any  transverse  components. 
These  dipole  correctors  will  be  built  using  inexpensive 
printed  circuit  coils  [6]  and  will  provide  corrections  of  up 
to  10“^  T  with  a  maximum  operating  current  of  2  A.  We 
intend  to  develop  a  measurement  system,  using  a  mirror 
and  magnetic  needle,  similar  to  that  used  at  other 
laboratories  [7]. 

COOLING  RATE  SOFTWARE 

We  simulated  the  performance  of  the  cooler  with  the 
computer  code  Simcool  [2]  for  the  beam  parameters 
provided  in  the  introduction.  Figure  8  shows  the 
performance  of  eRHIC  for  a  gold  beam  with  and  without 
cooling,  for  a  constant  beam-beam  parameter  of  0.005  in 
two  IPs  with  p*=lm.  The  disintegration  cross  section 
atot=212  bams  limits  the  integrated  luminosity  through 
rapid  particle  loss  at  the  highest  luminosity.  After  5  hours 
of  operation  most  of  the  beam  has  disintegrated,  and  the 
luminosity  is  maintained  only  through  the  cooling.  The 


loss  of  particles  and  constant  beam-beam  parameter  leads 
to  a  decline  in  the  luminosity. 


Figure  8.  Luminosity  of  gold  collisions  in  RHIC. 


In  order  to  complement  Simcool  and  provide  new 
capabilities  in  the  code,  BNL  is  collaborating  with  JINR 
Dubna  on  the  code  Betacool  [8].  The  new  capabilities  will 
include  arbitrary  distribution  functions,  improved  IBS 
model  bunched  beams  and  more. 

Analytical  electron  cooling  calculations  are  not  precise 
for  this  problem.  BNL  is  collaborating  with  Tech-X  [9]  on 
a  new  code.  Coulomb  collisions  between  electrons  and 
fully-ionized  Au  ions  will  be  simulated  from  first 
principles.  The  charged  particles  are  advanced  using  a 
fourth-order  Hermite  predictor-corrector  algorithm,  which 
has  been  shown  in  galactic  dynamics  simulations  to 
tolerate  the  orders  of  magnitude  variations  in  time  step 
that  are  required  to  correctly  resolve  close  binary 
collisions.  The  goal  is  to  simulate  the  fiiction  and 
diffusion  coefficients  for  single  ions  passing  once  through 
the  interaction  region,  as  a  function  of  the  initial  ion 
position  and  velocity. 
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Abstract 

After  the  LHC  operates  for  several  years  at  nominal  pa¬ 
rameters,  it  will  be  necessary  to  upgrade  it  for  higher  lu¬ 
minosity.  Replacing  the  low-;5  insertions  with  a  higher 
performance  design  based  on  advanced  superconducting 
magnets  is  one  of  the  most  straightforward  steps  in  this 
direction.  Preliminary  studies  show  that,  with  magnet 
technology  that  is  expected  to  be  developed  by  early  in 
the  next  decade,  a  factor  of  2  to  5  reduction  in  P*  could  be 
achieved  with  new  insertions,  as  part  of  an  upgrade  aimed 
at  a  factor  of  10  lurmnosity  increase.  In  this  paper  we  sur¬ 
vey  several  possible  second  generation  LHC  interaction 
regions  designs,  which  address  the  expected  limitations 
on  LHC  performance  imposed  by  the  baseline  insertions. 

INTRODUCTION 

Although  initial  operation  of  the  LHC  is  several  years 
away,  studies  have  begun  for  upgrades  to  extend  its  per¬ 
formance  [1,2].  A  luminosity  upgrade  towards  10^^  cm'^ 
s'*  will  be  desired  by  the  middle  of  the  next  decade  after 
the  LHC  has  operated  for  several  years  at  its  nominal  pa¬ 
rameters.  The  baseline  LHC  already  pushes  the  limits  of 
the  state-of-the-art,  and  an  extended  R&D  program  will 
be  needed  to  ensure  that  the  new  technologies  required  for 
the  upgrade,  especially  advanced  superconducting  mag¬ 
nets,  are  ready.  In  this  paper  we  discuss  several  possible 
new  interaction  region  (IR)  designs  which  address  poten¬ 
tial  limitations  in  the  baseline  LHC,  and  indicate  the  R&D 
that  must  be  done  to  aim  towards  higher  luminosity. 

IR  LAYOUTS 

Three  major  factors  drive  the  designs  of  new  IRs:  mini¬ 
mizing  P*,  minimizing  the  effects  of  long-range  parasitic 
beam-beam  interactions,  and  the  large  radiation  power 
due  to  the  pp  collisions  (9  kW/beam  at  10^^  cm'^  s'')  di¬ 
rected  towards  the  IRs.  The  first  two  point  towards  maxi¬ 
mizing  the  magnet  apertures  and  minimizing  their 
distances  to  the  IP,  and  the  solutions  to  the  third  must  be 
considered  in  every  configuration. 

Figures  1-5  show  five  sample  IR  layouts  that  address 
these  issues  in  different  ways  and  to  different  extents. 
The  main  parameters  of  these  IRs  are  summarized  in  Ta¬ 
ble  1,  which  shows  the  distance  from  the  IP  to  the  first 
quadrupole,  the  quadrupole  coil  aperture  (Dqu^d),  the  mini- 
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mum  P*  achievable  consistent  with  physical  aperture  re¬ 
quirements,  P^^  for  and  the  strength  (Bm),  length 
(L01),  and  coil  aperture  (D  di)  of  the  first  dipole. 

Preliminary  studies  [3]  suggest  that  with  increases  in  L 
of  NbjSn  that  are  expected. within  the  next  3-5  years,  it 
may  be  possible  to  build  quadrupoles  with  apertures  up  to 
110  mm  that  operate,  with  20%  margin,  at  the  same  200 
T/m  as  in  the  baseline  IRs.  This  gradient  with  this  aper¬ 
ture  requires  a  4-layer  coil  with  outer  radius  sufficiently 
large  to  preclude  its  use  in  a  dual-bore  geometry  with  194 
mm  spacing.  In  this  study,  we  take  100  mm  as  an  upper 
bound  on  the  quadrupole  aperture  in  a  dual-bore  magnet. 

The  minimum  p*  is  set  by  the  maximum  possible  beam 
size  in  the  IR  quadrupoles  at  P^^.  The  required  physical 
aperture  in  the  baseline  quadrupole  triplet  is  estimated  in 
Eqn.  (5)  in  [1]  as  1.1  x  (7.5  +  2  x  9)o„ax  +  2  x  8.6  mm, 
where  Omax  is  the  maximum  rms  beam  size,  7.5a  is  the 
minimum  beam  separation,  9o  is  the  required  envelope 
about  each  beam,  the  factor  1.1  accounts  for  20%  P- 
beating,  and  8.6  mm  is  the  sum  of  mechanical  tolerance 
and  orbit  errors.  For  beams  passing  on  axis,  the  factor  of 
7.5a  is  dropped,  and  for  off-axis  orbits  in  the  separation 
dipoles,  the  7.5a  term  is  replaced  by  the  actual  orbit  off¬ 
set.  In  determining  P^^^  and  the  physical  aperture 
is  assumed  to  be  1 5  mm  smaller  than  the  coil  diameter. 

The  field  strength  of  the  first  dipole  is  given  for  the  case 
of  zero  horizontal  crossing  angle.  Generally  the  field  is 
lower  for  non-zero  crossing  angles,  as  shown  in  the  fig¬ 
ures.  The  dipole  coil  diameter  is  computed  according  to 
the  formulation  above. 

The  simplest  IR  upgrade  (Fig.  I)  replaces  the  existing 
inner  triplet  with  quadrupoles  of  the  same  strength  and 
length,  but  larger  aperture.  A  factor  of  3  reduction  in  P*  is 
possible,  if  all  other  parameters  are  held  constant.  How¬ 
ever,  other  than  using  a  shorter  Dl,  this  change  doesn’t 
reduce  the  number  of  parasitic  collisions.  If  the  beam 


Table  I :  IR  Parameters 


Base¬ 

line 

Fig.  1 

Fig.  2 

Fig.  3 

Fig.  4 

Fig.  5 

IP  to  Q1  (m) 

23 

23 

52.8 

42.5 

34 

23 

(mm) 

70 

no 

100 

100 

100 

100 

(cm) 

50 

16 

26 

19 

15 

10 

^max 

5 

15 

23 

23 

23 

23 

Bd.  (T) 

2.75 

15.3 

15 

14.6 

14.5 

14.3 

Ldi  (m) 

9.45 

1.5 

10 

12 

6 

9 

Ddi  (mm) 

80 

no 

135 

165 

75 

105 
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Figure  1;  Quadrupole-first  IR. 


Figure  4:  Dipole-first  IR  with  large  crossing  angle. 


0  20  40  60  80 

Distance  from  IP  (m) 


Figure  2:  Dipoles-first  IR. 


Figure  3:  IR  with  quads  between  the  separation  dipoles. 

current  is  increased  to  increase  luminosity,  then  it  is  likely 
that  the  crossing  angle  will  have  to  be  increased,  forcing 
an  increase  in  P*  to  stay  within  the  physical  aperture. 


Figure  5:  Quadrupole-first  IR  with  large  crossing  angle. 

Placing  the  separation  dipoles  between  the  IP  and  the 
quadrupoles  (Fig.  2)  reduces  the  number  of  parasitic  colli¬ 
sions  by  more  than  a  factor  of  three.  Also,  correction  of 
quadrupole  field  errors  is  more  robust,  since  the  beams 
pass  through  the  quadrupoles  on  axis  and  independent 
correction  elements  can  be  used  for  each  beam.  However, 
the  quadrupoles  are  considerably  farther  from  the  IP,  in¬ 
creasing  fot  ^  given  P*.  The  D1  also  suffers  very 
large  energy  deposition  from  collision  debris,  since  the 
majority  of  the  forward  charged  particles  will  be  swept 
into  it  by  the  large  magnetic  field  [4].  An  added  challenge 
is  to  maintain  good  field  quality  in  the  D2  with  strong 
coupling  between  the  two  close,  high-field  apertures. 

To  maintain  the  benefits  of  the  dipole-first  layout,  but 
reduce  P^,  the  quadrupoles  could  be  placed  between  the 
separation  dipoles  (Fig.  3),  requiring  dual-bore  quadru¬ 
poles  with  non-parallel  axes.  The  D2  and  D3  restore  the 
beams  to  a  194  mm  spacing  at  the  same  distance  as  in  the 
baseline.  This  layout  allows  a  smaller  P*  than  in  Fig.  2, 
but  the  D1  is  in  the  same  radiation  enviromnent,  and  the 
feasibility  of  the  non-parallel  axis  magnets  and  of  disper¬ 
sion  suppression  in  this  geometry  have  not  been  studied. 
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The  IRs  in  Figs.  1-3  assume  that  the  crossing  angle  0c  is 
as  small  as  possible,  consistent  with  maintaining  >9a 
beam  separation  at  all  parasitic  collisions.  This  is  the  so¬ 
lution  if  beam  intensity  is  limited  by  factors  other  than  the 
beam-beam  effect.  If  the  intensity  can  be  increased  to  the 
beam-beam  limit,  then  the  luminosity  is  increased  by  in¬ 
creasing  0c  and  lengthening  the  bunches  (including  the 
“superbunch”  option)  [1,5].  This  allows  us  to  consider 
two  large  crossing  angle  layouts,  shown  in  Figs.  4  and  5. 

The  first  has  a  twin-aperture  dipole  first,  then  conven¬ 
tional  dual-bore  quadrupoles.  The  beam  separation  and 
the  distance  to  the  IP  set  0c  =  ±3.7  mrad.  The  is  as 
small  as  in  Fig.  1.  But  this  layout  is  practical  only  if  the 
beam  current  can  be  increased  sufficiently  (or  crab  cavi¬ 
ties  are  used  to  rotate  the  bunches).  The  aperture  through 
which  the  outgoing  beam  passes  is  subject  to  similar  ra¬ 
diation  heating  as  the  D1  in  Figs.  2  and  3.  In  fact,  the 
situation  is  more  challenging  since  the  forward  going  neu¬ 
tral  particles  may  impinge  on  the  magnet,  if  the  aperture  is 
not  sufficient  to  allow  them  to  pass  through  the  magnet. 

The  layout  in  Fig.  5  aims  non-parallel  axis  twin- 
aperture  quadrupoles  directly  at  the  IP.  With  the  same 
optics  as  in  Fig.  1  but  in  a  dual-bore  geometry,  as  small 
as  10  cm  may  be  possible.  As  with  Fig.  4,  this  is  practical 
only  if  the  beam  current  can  be  increased  enough.  As  with 
Fig.  3,  the  non-parallel  axis  configuration  must  be  studied 
for  feasibility.  And  the  first  dipole  is  subject  to  similar 
radiation  heating  as  the  D1  in  Fig  4. 

DISCUSSION 

The  IR  layouts  presented  here  for  a  possible  LHC  lumi¬ 
nosity  upgrade  are  very  preliminary,  and  much  work  re¬ 
mains  to  show  that  the  estimated  reductions  in  y3*,  which 
are  based  on  simple  scaling  rules  for  aperture  and  beam- 
beam  separation  requirements,  can  be  achieved  when  all 
constraints  and  realistic  conditions  are  included. 

Other  accelerator  systems  must  be  upgraded  if  the  re¬ 
duction  in  ^  is  to  translate  into  a  corresponding  increase 
in  luminosity.  If  bunch  intensity  is  limited  below  the 
beam-beam  limit,  then  the  bunches  must  be  shortened  to 
limit  the  luminosity  loss  due  the  crossing  angle  form  fac¬ 
tor.  The  required  RF  voltage  grows  as  /3*  decreases,  and  it 
may  or  may  not  be  feasible  to  take  full  advantage  of  < 
25  cm.  Alternatively,  crab  cavities  could  rotate  the 
bunches  so  they  collide  head-on  in  a  transversely  moving 
coordinate  system.  However,  any  imperfections  in  bunch 
manipulation  will  result  in  a  transverse  emittance  blow¬ 
up.  To  allow  the  bunch  intensity  to  be  increased  to  the 
beam-beam  limit  at  larger  crossing  angles,  many  factors, 
some  of  which  will  be  known  only  with  operating  experi¬ 
ence,  must  be  addressed.  For  example,  the  collimation  or 
beam  dump  systems  may  need  to  be  upgraded,  or  unex¬ 
pected  beam  instabilities  may  need  to  be  dealt  with.  A 
substantial  new  RF  system  would  be  required  if  the  su¬ 
perbunch  option  were  to  be  implemented. 

The  choice  of  IR  layout  for  the  luminosity  upgrade  will 
depend  on  developing  an  understanding  of  the  LHC 
beams  and  which  factors  limit  the  luminosity.  For  exam¬ 


ple,  the  extent  to  which  the  parasitic  collisions  limit  the 
performance  will  only  be  fully  understood  after  experi¬ 
ence  with  LHC  beams.  Successful  development  of  pro¬ 
posed  systems  for  compensating  the  beam-beam  effect 
could  affect  the  choice  of  IR  layout.  Finally,  the  upgrade 
scheme  may  be  affected  by  the  capabilities  of  the  experi¬ 
ments,  for  example  with  regard  to  bunch  structure. 

Many  questions  specific  to  the  IR  magnet  system  must 
be  addressed  by  vigorous  R&D.  A  few  examples  are; 

•  What  is  the  maximum  Dquad  for  G>200  T/m? 

•  What  is  the  maximum  Dq^ad  in  a  dual-bore  quadrupole 
with  194  mm  spacing? 

•  Can  dipoles  be  made  to  operate  as  high  as  15  T  in  the 
extreme  radiation  environment  at  very  high  Imninosity? 

•  How  can  the  many  kW  of  beam  power  be  removed  from 
the  cryogenic  magnets  for  a  tolerable  cost? 

•  Are  non-parallel  axis  dual-bore  quadrupoles  feasible? 

•  What  dispersion  suppression  scheme  works  in  this  case? 

•  Can  good  field  quality  be  maintained  over  the  full  oper¬ 
ating  range  in  very  high  field,  dual-bore  dipoles  with 
parallel  field  directions? 

•  Can  triplet  errors  be  adequately  corrected  given  the  very 
large  yS-functions? 

Some  of  these  questions  can  be  answered  by  design  stud¬ 
ies,  but  most  will  require  extended  hardware  R&D. 

CONCLUSIONS 

A  new  IR  design  will  be  a  key  element  in  an  LHC  up¬ 
grade  aimed  at  raising  the  luminosity  by  up  to  an  order  of 
magnitude.  Several  possible  IR  layouts  exist  which  offer 
the  possibility  of  reducing  J3*  by  up  to  a  factor  of  five 
below  the  baseline  value,  and  of  reducing  the  number  of 
long-range  beam-beam  collisions.  Extensive  R&D  must 
be  done  on  superconducting  magnets  and  other  accelera¬ 
tor  systems  to  determine  if  these  ideas  are  feasible  and  to 
develop  the  technology  to  allow  their  implementation  on 
the  time  scale  required  by  the  LHC  physics  program. 
Because  the  systems  for  the  upgraded  LHC  must  go  well 
beyond  the  current  state  of  the  art,  this  R&D  must  start. 
Ultimately  the  performance  of  the  baseline  LHC,  together 
with  the  results  of  this  R&D,  will  determine  which  of 
these  IR  designs  will  best  serve  to  raise  the  luminosity. 
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Abstract 

The  Large  Hadron  Collider  (LHC)  will  collide  proton 
beams  at  14  TeV  c.m.  with  unprecedented  stored  inten¬ 
sities.  The  transverse  energy  density  in  the  beam  will  be 
about  three  orders  of  magnitude  larger  than  previously  han¬ 
dled  in  the  Tevatron  or  in  HERA,  if  compared  at  the  loca¬ 
tions  of  the  betatron  collimators.  In  particular,  the  popula¬ 
tion  in  the  beam  halo  is  much  above  the  quench  level  of  the 
superconducting  magnets.  Two  LHC  insertions  are  ded¬ 
icated  to  collimation  with  the  design  goats  of  preventing 
magnet  quenches  in  regular  operation  and  preventing  dam¬ 
age  to  accelerator  components  in  case  of  irregular  beam 
loss.  We  discuss  the  challenges  for  designing  and  building 
a  collimation  system  that  withstands  the  high  power  LHC 
beam  and  provides  the  required  high  cleaning  efficiency. 
Plans  for  future  work  are  outlined. 

INTRODUCTION 

Each  of  the  two  LHC  [1]  rings  will  store  2808  bunches, 
each  bunch  populated  with  1.1  ■  10^^  protons  at  energies 
of  up  to  7  TeV  (nominal  design  parameters).  The  stored 
energy  amounts  to  350  MJ,  two  orders  of  magnitude  be¬ 
yond  the  achievements  in  the  Tevatron  or  HERA.  Compar¬ 
ing  transverse  energy  densities,  LHC  advances  the  state  of 
the  art  by  even  three  orders  of  magnitude,  from  1  MJ/mm^ 
to  1  GJ/mm^.  At  the  same  time  the  superconducting  mag¬ 
nets  in  the  LHC  would  quench  if  small  amounts  of  energy 
(on  the  level  of  30  mJ/cm“^,  induced  by  a  local  transient 
loss  of  4  X  10^  protons)  are  deposited  into  the  supercon¬ 
ducting  magnet  coils  [2]. 

Any  significant  beam  loss  into  the  cold  aperture  must 
be  avoided.  However,  beam  losses  cannot  be  completely 
avoided.  A  so-called  ’’primary  beam  halo”  will  continu¬ 
ously  be  filled  by  various  beam  dynamics  processes  and 
the  beam  current  lifetime  will  be  finite  [3].  The  handling 
of  the  high  intensity  LHC  beams  and  the  associated  high 
loss  rates  of  protons  requires  a  powerful  collimation  sys¬ 
tem  with  the  following  functionality: 

1.  Efficient  cleaning  of  the  beam  halo. 

2.  Tuning  of  the  halo-induced  experimental  backgrounds. 

3.  Passive  protection  of  the  machine  aperture. 

In  addition  the  integrity  of  the  system  must  be  maintained 
during  regular  and  irregular  operational  conditions.  The 
challenges  for  designing  and  building  an  appropriate  sys¬ 
tem  are  discussed. 


DESIGN  CONSTRAINTS 

The  collimation  system  must  fulfil  a  number  of  impor¬ 
tant  design  constraints,  which  are  listed  below  for  proton 
operation.  Similar  constraints  must  be  fulfilled  for  opera¬ 
tion  with  ions. 

Beam  loss  rates  Regular  LHC  operation  is  assumed  to  in¬ 
clude  short  periods  of  reduced  beam  lifetime.  At 
7  TeV  the  collimation  system  should  accept  losses  of 
4.1  •  10^^  p/s  (0.2  h  lifetime)  for  10  s  or  0.8  •  10^^  p/s 
(1  h  lifetime)  continuously. 

Cleaning  efficiency  Assuming  the  above  beam  loss  rates, 
the  expected  quench  levels  and  nominal  intensity,  the 
required  local  cleaning  inefficiency  is  calculated  to  be 
2  •  10“®  m“^  [4].  The  local  inefficiency  is  defined 
as  the  inefficiency  (number  of  halo  protons  reaching 
>  lOcr  per  impacting  primary  proton)  divided  by  the 
length  over  which  losses  are  spread  (e.g.  50  m). 

Number  of  collimators  and  phase  advance  requirements 
The  above  mentioned  goal  for  cleaning  inefficiency 
can  only  be  achieved  with  a  cleaning  system  that  has 
at  least  two  stages  with  collimators  put  at  special 
phase  advance  locations  [5,  6].  Momentum  and  beta¬ 
tron  cleaning  must  be  performed  separately.  Cleaning 
systems  based  on  aluminium  and  copper  jaws  have 
been  integrated  into  the  LHC  layout  and  optics.  The 
jaw  materials  and  lengths  are  being  reviewed  and  the 
IR3  and  IR7  insertions  must  be  adapted  to  the  final 
design  choices.  In  the  old  design  7  collimators  per 
beam  (1  primary  and  6  secondaries)  provide  momen¬ 
tum  cleaning  in  IR3  and  20  collimators  per  beam 
(4  primaries  and  16  secondaries)  provide  betatron 
cleaning  in  IR7.  The  goal  inefficiency  is  achieved. 
Some  additional  absorbers  are  required  to  capture  the 
proton  induced  showers  in  the  cleaning  insertions.  An 
eventual  opening  of  collimator  gaps  would  require 
additional  collimators  at  the  experimental  insertions. 

Beta  functions  in  cleaning  insertions  Ideally,  beta  func¬ 
tions  should  be  large  at  the  collimators  in  order  to  al¬ 
leviate  the  consequences  if  some  bunches  impact  on 
the  jaw.  However,  the  available  space  in  the  warm 
cleaning  insertions  limits  the  beta  functions  to  values 
of  50  m  to  350  m  (IR7)  [6].  Corresponding  trans¬ 
verse  beam  sizes  are  small,  from  160  /xm  to  420  fim 
at  7  TeV. 
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Collimator  gaps  The  available  LHC  physical  aperture  is 
about  10  a  both  at  injection  (limited  in  arcs)  and  at 
7  TeV  (limited  at  triplets).  The  primary  and  secondary 
collimators  must  then  be  closed  to  nominally  6  <t  and 
7  a ,  respectively,  for  providing  the  required  cleaning 
inefficiency  at  10  cr.  The  corresponding  collimator  full 
gaps  at  7  TeV  are  small  (2.2  -  4.4  mm).  It  is  noted  that 
there  is  some  flexibility  in  the  collimator  settings  [7]. 

Operational  and  mechanical  tolerances  The  relevant 
tolerances  derive  directly  from  the  difference  in 
settings  between  primary  and  secondary  collimators 
(Icr  sa  200/Lim),  as  well  as  from  the  impact  param¬ 
eter  at  the  secondary  collimators  (average  impact 
parameter  is  200  fim).  Tolerances  are  a  fraction 
of  these  values.  For  example,  the  tolerances  for 
transient  orbit  movements  and  transient  beta  beat 
were  determined  to  be  0.6  a  and  8%,  respectively. 
Tolerances  were  estimated  for  jaw  surface  flatness 
(~  25/im),  reproducibility  of  jaw  settings  (  20/im), 
step  size  in  jaw  movements  (~  lO/rm,  ~  15/irad) 
and  knowledge  in  collimator  gap  50/rm.  Some 
trade-off  between  different  tolerances  is  possible. 

Impedance  The  collimators  can  produce  significant  trans¬ 
verse  resistive  impedance  due  to  the  small  gaps  at 
7  TeV  (impedance  scales  inversely  proportional  to  the 
third  power  of  gap  size).  At  nominal  beam  intensity, 
the  LHC  octupoles  provide  Landau  damping  of  the 
rigid  dipole  modes  for  a  total  collimator  impedance  of 
up  to  110  Mfi/m,  to  be  compared  with  an  impedance 
of  100  Mn/m  generated  by  the  rest  of  the  ring. 

Shock  beam  impact  In  case  of  irregular  beam  dumps  sev¬ 
eral  bunches  can  be  deflected  on  a  collimator  jaw.  Any 
jaw  can  be  hit,  because  the  primary  collimators  only 
cover  one  phase  space  location  and  the  overall  LHC 
tune  should  be  allowed  to  vary.  The  collimator  hard¬ 
ware  should  withstand  beam  impact  during  irregular 
dumps.  The  expected  maximum  beam  impact  was 
calculated  to  be  about  20  bunches  [8].  Recently  this 
value  was  reduced  to  about  8  bunches,  due  to  a  sub¬ 
stantial  improvement  in  the  dump  re-trigger  time.  The 
presently  ongoing  material  studies  still  use  as  input 
the  now  pessimistic,  old  scenario. 

Reliability  and  maintenance  The  lost  protons  will  acti¬ 
vate  the  installations  in  the  cleaning  insertions  leading 
to  maximal  dose  rates  of  up  to  several  mSv/h  at  direct 
accessible  hot-spots,  e.g.  shielding  or  downstream 
magnets.  The  collimator  jaws  may  reach  higher  val¬ 
ues.  The  expected  dose  rates  depend  strongly  on  the 
collimation  layout,  the  materials  chosen,  the  cooling 
time  as  well  as  the  exact  location  in  the  insertion. 
However,  human  interventions  such  as  maintenance 
nearby  highly  activated  installations  must  be  restricted 
to  the  absolute  minimum,  hence  collimators  and  be¬ 
longing  equipment  must  be  designed  for  maximum  re¬ 
liability.  Detailed  studies  are  ongoing. 


Vacuum  aspects  The  collimators  must  be  bakeable  and 
outgassing  rates  must  remain  acceptable.  For  exam¬ 
ple,  for  a  graphite  collimator  this  imposes  special  heat 
treatment,  careful  outbakmg,  and  a  maximum  jaw 
temperature  of  50°C,  to  be  assured  by  collimator  cool¬ 
ing.  Graphite  dust  is  believed  to  be  uncritical.  The 
magnitude  of  a  local  electron  cloud  and  its  possible  ef¬ 
fects  are  being  studied  and  outgassing  measurements 
are  being  performed. 

The  design  of  the  collimation  hardware  should  address 
these  constraints  in  a  consistent  way,  even  though  some 
constraints  support  conflicting  preferences. 

MATERIAL  STUDIES 

The  previously  foreseen  collimation  system  for  the  LHC 
relies  on  aluminium  and  copper  jaws,  as  used  in  LER  These 
choices  do  not  allow  collimator  survival  e.g.  during  irregu¬ 
lar  dumps.  If  about  10'®  of  the  stored  7  TeV  beam  intensity 
is  lost  in  a  single  turn  on  one  copper  collimator  damage  can 
occur.  The  losses  during  irregular  dumps  are  more  than  two 
orders  of  magnitude  above  this  damage  threshold. 

Energy  Deposition  in  Various  Materials 

The  expected  beam  impact  distribution  for  irregular 
dumps  [8]  was  used  to  calculate  the  energy  deposition 
versus  jaw  length  in  various  materials  (see  also  [9]). 
FLUKA  [10]  was  used  to  perform  a  full  shower  study.  The 
predicted  peak  temperature  rise  is  shown  in  Fig.l.  It  is  seen 
how  the  shower  develops  along  the  length  of  the  jaw.  The 
length  of  secondary  jaws,  as  required  for  achieving  the  de¬ 
sired  cleaning  efficiency,  varies  between  0.5  m  for  copper 
and  1.0  m  for  graphite  or  beryllium.  The  temperature  rise 
for  these  lengths  is  large,  ruling  out  high  Z  materials  for 
the  bulk  of  the  collimator  jaws  as  well  as  for  thin  coatings 
on  jaws  made  of  low  Z  material.  Shorter  primary  jaws  (a 
few  cm  to  20  cm)  are  less  critical.  As  possible  candidate 
materials  graphite  and  beryllium  are  retained. 

Other  FLUKA  studies  have  been  performed  (required 
thickness  of  graphite  layer,  injection  impacts)  and  some 
others  are  under  preparation  (fiber-reinforced  graphite, 
copper  doped  graphite,  ions,  slow  losses  in  200  nm  sur¬ 
face  layer,  energy  deposition  downstream  of  jaw,  input  for 
electron  cloud  estimate). 

Fatigue  and  Stress  Analysis 

The  FLUKA  results  are  used  in  the  ANSYS  program 
to  predict  stresses.  The  static  stresses  were  calculated  for 
fine-grain  graphite  and  beryllium  (for  the  7  TeV  irregular 
dump).  It  was  found  that  static  stresses  for  graphite  are 
about  a  factor  of  2  and  for  beryllium  about  a  factor  of  5  be¬ 
yond  the  engineering  tolerance.  Dynamic  stresses  usually 
further  increase  the  stress  values  by  a  factor  of  2.  Detailed 
dynamical  calculations  are  being  done.  In  addition,  AN¬ 
SYS  calculations  are  planned  for  fiber-reinforced  graphite, 
copper  doped  graphite,  ions  and  injection  cases. 
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Figure  1:  Temperature  increase  (peak)  from  20°C  versus 
collimator  length  for  different  materials.  Input  is  the  pro¬ 
ton  impact  distribution  from  an  irregular  dump  at  7  TeV 
(single-module  pre-trigger  with  a  1.3  /rs  re-trigger  time). 
Approximately  20  bunches  impact  on  the  jaw  face. 

The  ANSYS  results  allow  selecting  the  material  with 
the  best  mechanical  properties  for  LHC  collimation.  It  is 
too  early  for  any  final  conclusions,  however,  graphite  looks 
most  promising.  Taking  into  account  the  recent  factor  2.5 
reduction  in  beam  impact  (improved  dump  re-trigger  time) 
and  2  times  higher  stresses  in  a  dynamic  calculation,  it  is 
seen  that  fine-grain  graphite  is  less  than  a  factor  of  two 
away  from  the  design  target.  The  graphite  jaws  would  sur¬ 
vive  most  irregular  dumps  at  nominal  intensity  and  would 
have  appropriate  robustness  for  running  during  the  first 
years  of  the  LHC  where  the  total  intensity  will  be  limited 
to  50%  of  the  nominal.  It  is  hoped  that  fiber-reinforced 
graphite  will  show  even  better  mechanical  resistance. 

Impedance 

The  transverse  resistive  impedance  was  evaluated  for 
the  collimators,  assuming  nominal  gaps  at  7  TeV,  nom¬ 
inal  intensity,  and  different  materials.  Large  impedance 
was  found,  ranging  from  100  Mfl/m  for  copper  jaws  to 
1050  Mf2/m  for  graphite  jaws.  While  the  copper-based 
solution  is  acceptable  for  impedance  and  unacceptable  for 
robustness,  the  graphite-based  solution  is  almost  accept¬ 
able  for  robustness  but  unacceptable  for  impedance.  A  full 
beryllium-based  system  has  insufficient  robustness.  A  so¬ 
lution  with  graphite  jaws  in  the  horizontal  plane  (the  dump 
sweep  is  horizontal)  and  beryllium  jaws  elsewhere  would 
allow  to  reduce  the  impedance  to  about  300  Mfl/m.  This  is 
still  unacceptably  large  and  in  addition  the  use  of  beryllium 
would  introduce  additional  safety  concerns.  The  conflict¬ 
ing  requirements  prevent  a  straight-forward  solution. 

More  elaborate  solutions  are  being  investigated.  For  ex¬ 
ample,  a  graphite-based  collimation  system  might  have  ac¬ 
ceptable  impedance  with  a  collimation  strategy,  where  sec¬ 
ondary  collimators  are  opened  to  ~  10  a.  Possibilities  to 
achieve  this  without  constraining  the  LHC  performance  are 
under  study.  It  is  also  investigated  whether  copper  doped 
graphite  has  a  lower  impedance  and  good  robusmess. 


SUMMARY  AND  OUTLOOK 

The  design  challenges  for  the  LHC  collimation  system 
have  been  reviewed,  giving  a  list  of  specific  constraints. 
Possible  jaw  materials  are  being  studied  with  the  goal  of 
building  collimators  that  can  survive  the  expected  condi¬ 
tions  during  LHC  operation,  including  irregular  dump  ac¬ 
tions.  This  would  avoid  the  use  of  more  elaborate  and  pos¬ 
sibly  more  expensive  concepts  like  ’’consumable”  or  ’’re¬ 
newable”  collimators.  At  present  no  appropriate  jaw  ma¬ 
terial  could  be  identified.  Graphite  is  very  promising  in 
terms  of  robustness  but  generates  unacceptably  high  trans¬ 
verse  resistive  impedance.  The  use  of  a  graphite-based 
collimation  system  would  require  a  different  collimation 
strategy  that  uses  larger  gaps.  This  is  being  studied  but 
would  require  additional  collimators  close  to  the  exper¬ 
imental  interaction  points.  In  addition  hybrid  solutions 
(graphite/copper,  graphite/beryllium)  and  more  advanced 
materials  (copper  doped  graphite)  are  being  investigated. 
Concepts  of ’’consumable”  or  ’’repairable”  jaws  are  consid¬ 
ered  with  still  lower  priority. 

The  mechanical  design  of  the  collimator  tanks,  the  jaws 
themselves,  the  cooling,  etc  is  being  addressed  in  parallel  to 
the  material  studies.  Once  a  material  has  been  selected  and 
the  mechanical  layout  has  been  chosen,  a  prototype  will  be 
built  for  April  2004.  After  successful  prototype  testing  the 
production  of  about  66  collimators  and  additional  spares 
will  be  started.  The  collimators  would  be  installed  in  2006 
and  be  ready  in  time  for  LHC  commissioning  in  2007. 

Collimation  for  the  LHC  is  a  difficult  task  offering  many 
interesting  challenges.  The  commissioning,  operation,  and 
understanding  of  the  system  will  be  an  opportunity  to  leam 
about  handling  of  high-intensity  proton  beams  in  a  com¬ 
pletely  new  regime. 
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Abstract 

Phase  and  amplitude  noises  in  the  Tevatron  RF  system 
and  the  intrabeam  scattering  (IBS)  produce  longitudinal 
emittance  growth  with  consecutive  particle  loss  from  the 
RF  buckets.  That  causes  a  decrease  of  the  luminosity  and 
an  increase  of  the  background  in  particle  detectors  during 
the  store.  The  report  presents  experimental  measurements 
of  RF  system  noise  and  the  effect  on  the  longitudinal 
emittance  growth.  There  is  a  satisfactory  agreement 
between  measured  noise  spectral  densities  and  observed 
emittance  growth.  For  high  bunch  intensities,  IBS  plays 
an  important  role  and  has  been  taken  into  account.  The 
sources  of  noises  and  plans  for  further  system 
improvements  are  discussed. 

INTRODUCTION 

One  of  the  major  upgrades  to  the  Fermilab  Tevatron 
between  Run  I  and  Run  II  was  the  increase  in  the  number 
of  colliding  bunches  by  a  factor  of  6.  The  total  proton 
intensity  was  also  increased  by  about  the  same  factor 
(currently  4.7).  In  the  course  of  the  early  commissioning 
process,  the  Tevatron  would  quench  every  time  that  980 
GeV  beam  was  aborted  with  high  intensity.  Abort  kicker 
timing  was  inspected  and  optimized,  but  the  quenches 
continued. 

The  quenches  are  due  to  beam  that  has  wandered  into 
the  abort  gap.  Measurements  show  that  a  line  density  of 
somewhere  between  3e9  and  9e9  protons  distributed 
around  the  ring  is  enough  to  quench  the  superconducting 
magnets  on  abort.  This  beam  is  difficult  to  measure 
directly,  because  its  low  intensity  is  below  the  resolution 
of  the  Tevatron  DC  beam  monitors.  Only  indirect 
measurements  verified  the  presence  of  beam  in  the  abort 
gap  until  recently.  The  Tevatron  electron  lens  (TEL)  was 
reconfigured  to  act  as  fast  pulse  kicker  in  the  beam  abort 
gap  [1].  The  pulse  rate  was  configured  to  resonate  with 
the  betatron  time  of  the  beam  to  kick  beam  out  of  the 
abort  gap.  When  the  lens  is  activated  during  a  store,  there 
is  a  sharp  loss  measured  by  the  DC  beam  detectors  but  no 
effect  on  luminosity.  By  turning  the  lens  on  and  off  for 
different  time  periods,  one  could  verify  DC  beam  in  the 
abort  gap  and  measure  its  rate  of  accumulation. 

With  confirmation  from  the  electron  lens  that  DC  beam 
was  accumulating  in  the  abort  gap,  we  attempted  to  locate 
the  mechanism  for  the  accumulation.  Beam  is  obviously 
leaking  from  the  RF  bucket,  but  the  mechanism  was  not 
obvious.  The  analysis  of  the  problem  has  focused  on  two 
different  mechanisms:  intrabeam  scattering  [2]  and  noise 
in  the  accelerating  cavities.  The  rest  of  this  paper  focuses 
on  the  experiments  and  analysis  of  noise  sources  in  the 

*  Work  supported  by  the  Universities  Research  Assoc.,  Inc.,  under 
contract  DE-AC02-76CH03000  with  the  U.S.  Dept,  of  Energy. 


accelerating  system. 

RF  NOISE  SOURCES 

A  catalogue  of  possible  sources  of  noise  in  the  RF 
system  was  created  in  order  to  trace  down  possible  DC 
beam  generators.  Each  potential  source  was  measured  for 
noise  amplitude,  and  its  possible  effect  on  the  beam  was 
analyzed. 

Longitudinal  Dynamics  of  RF  Noise 

In  order  for  beam  to  spill  out  of  the  bucket  because  of 
RF  noise,  there  must  be  beam  close  to  the  edge  of  the 
bucket  separatrix.  Beam  at  high  energy  in  the  Tevatron 
does  not  fill  the  bucket  initially  after  the  ramp,  but  the 
longitudinal  emittance  increases  until  the  bucket  is  full. 
DC  beam  generation  begins  when  the  bucket  is  full.  We 
assume  that  the  same  process  that  generates  DC  beam  also 
causes  the  longitudinal  emittance  growth.  Since  we  could 
not  measure  DC  beam  directly  initially,  we  measured 
longitudinal  emittance  growth  to  determine  the  effect  that 


Figure  1:  Longitudinal  emittance  growth  and  DC 
beam  accumulation  vs.  time  in  Tevatron  store  at  980 
GeV. 

noise  has  on  beam.  The  formula  for  bunch  length  (ct,|,  in 
rms  radians)  growth  in  the  presence  of  RF  phase  noise 
spectral  density  (P^rf  in  rms  rad^/Hz)  is  given  in  equation 
(1)  where  fj  is  the  synchrotron  frequency  in  Hz  [2]. 

dial) 

—jr  =  ^^sPMfs)  (1) 
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RF  Reference  Measurements 

The  first  test  was  to  insure  that  there  was  not  a 
considerable  amount  of  noise  contaminating  the  reference 
signal.  Measurement  of  the  reference  signal  using  a 
spectrum  analyzer  revealed  that  even  the  60Hz  spurs  were 
90dB  below  the  carrier  and  the  noise  floor  was  more  than 
lOOdB  below  the  carrier. 

RF  Cavity  Measurements 

With  the  knowledge  that  the  damaging  source  of  RF 
noise  was  downstream  of  the  reference,  the  eight 
individual  cavities  were  inspected  closely.  The  phase 
modulation  spectrum  of  each  cavity  was  measured  using  a 
phase  detector  between  each  accelerating  voltage  gap 
monitor  and  the  reference.  All  of  the  cavities  exhibited  a 
peak  in  the  modulation  amplitude  from  32-38  Hz,  even 
without  beam  in  the  Tevatron.  This  frequency 
corresponds  to  the  synchrotron  frequency  of  the  Tevatron 
at980GeV. 

vts  '.S',  s  ;?  'fls.aa  asvres 

3ti,7ia  S  Mz  dbVrBs 
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Figure  2:  Speetrum  of  the  output  of  the  RF  reference  to 
global  station  fanback  phase  detector.  Top  trace  is  with 
local  station  feedback  disabled  on  3  cavities  and  bottom 
traee  is  with  feedback  enabled. 
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Figure  3;  Plot  comparing  the  measured  longitudinal 
emittance  growth  rate  to  the  emittance  growth  rate 
calculated  based  on  the  total  spectral  density  of  phase 
noise  measured  at  the  synchrotron  frequency. 


A  phase  feedback  system  at  each  station  maintains 
proper  phasing  between  the  gap  monitor  and  reference 
drive  for  low  frequencies.  The  gain  of  this  feedback  loop 
was  varied  for  different  combinations  of  cavities.  The 
emmitance  growth  rate  was  measured  for  each  gain 
setting  and  compared  to  the  noise  power  measured  at  the 
cavities.  The  intercept  of  the  plot  at  zero  measured  cavity 
noise  is  very  close  to  the  origin.  This  reveals  that  the 
cavity  noise  is  the  dominant  mechanism  for  longitudinal 
emittance  growth  in  the  Tevatron  at  high  field. 

MECHANICAL  MOTION 

With  data  showing  that  the  source  of  RF  noise  was 
somewhere  in  the  cavity  system,  the  next  step  involved 
trying  to  find  the  specific  source.  Because  the  frequency 
of  the  modulation  is  so  low  and  did  not  correspond  to  any 
harmonics  of  the  power  cycle,  there  were  suspicions  that 
the  cause  of  the  modulation  was  due  to  cavity  vibrations. 

Mechanical  Simulations 

The  central  electrode  in  Tevatron  accelerating  cavity 
actually  is  a  pretty  long  tube  beam  with  rigid  supports  and 
links  in  the  middle  of  it.  Such  a  cantilever  beam  usually 
can  be  a  good  oscillator  (like  a  piece  of  tuning  fork).  A 
solid  model  of  the  central  electrode  design  has  been  built 
and  a  simulation  of  mechanical  vibrations  has  been 
performed.  The  simulated  frequencies  of  mechanical 
vibrations  in  a  case  of  copper  central  electrode  are  in  a 
close  agreement  with  the  measured  RF  and  acoustic  noise 
frequencies.  For  us  it  has  been  a  first  indication  that  the 
central  electrode  mechanical  vibrations  may  be  a  cause  of 


Figure  4:  The  modes  of  the  central  electrode  mechanical 
vibrations. 


Effects  of  Vibrations  on  RF  Noise 

A  cavity  with  bent  central  electrode  has  been  simulated 
to  estimate  amplitude  of  the  central  electrode  vibrations 
and  vibration’s  influence  on  RF  parameters.  Only  a  half 
of  cavity  without  transmission  line  was  simulated  to 
increase  accuracy  of  calculations.  The  curvature  of  central 
electrode  axis  is  a  regular  arc.  It  seems  to  be  a  good 
enough  approximation  of  small  real  sinusoidal 
deformations  of  electrode  during  vibrations.  Only 
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horizontal  deformations  have  been  considered  because 
pick-up  electrodes  are  in  horizontal  plane  and  sensitive  to 
th®se  deformations. 


on,  match  the  noise  spectrum  measured  on  the  operating 
cavities.  The  experiment  was  repeated  with  water  pumps 
and  water  heaters  disabled,  and  the  37Hz  modulation  was 
significantly  reduced.  Measurements  of  vibrations  on  the 
operating  cavities  revealed  the  same  relationship  between 
the  modulation  and  the  water  pumps.  Thus,  the  water 
pumps  act  as  the  drive  for  the  cavity  mechanical 
resonance. 


Figure  5:  A  cavity  with  bent  central  electrode. 

From  the  RF  noise  point  of  view  two  cavity  parameters 
are  important:  1)  modulation  of  resonant  frequency  of 
cavity  that  produces  amplitude  and  phase  modulation  of 
accelerating  field,  and  2)  electric  field  level  modulation  in 
pick-up  electrode  area.  The  latter  has  nothing  to  do 
directly  with  particle  acceleration,  but  it  is  very  important 
as  the  only  signal  for  the  feedback  systems.  Equation  (2) 
shows  the  empirical  relationship  between  resonant 
frequency  shift  and  electrode  bend  angle. 

A/"  =  ad'^  (2) 

Modulation  of  cavity  resonant  frequency  produces 
modulation  of  phase  and  amplitude  of  electromagnetic 
field  oscillations.  The  sensitivity  of  resonant  frequency  to 
the  central  electrode  bend  is  low  around  zero  bend  point 
and  resonant  frequency  modulation  does  not  seem  to  be  a 
problem  in  a  case  of  perfect  axial  symmetrical  cavity.  But 
the  central  electrodes  can  have  “natural”  bends  in  any 
plane  that  could  occur  during  manufacturing  and 
installation.  An  estimation  for  phase  shift  enhanced  by 
initial  permanent  central  electrode  bend  is  given  in  (3), 
where  ©  is  an  initial  bend  angle,  0  is  a  small  bend 
deviation  the  initial  bend  angle.  Q  is  the  cavity  quality 
factor,  and  “a”  is  the  empirically  determined  factor  from 
equation  (2).  For  the  Tevatron  cavities  this  value  was 
calculated  to  be  79  kHz/degree^. 

2QCla@e^ae^) 

(P”— - j - ^  (3) 

Amplitude  modulation  due  to  the  field  level  variation  at 
pick-up  electrode  area  seems  to  be  predominant  at  normal 
operating  conditions.  Amplitude  modulation  is 
transformed  into  phase  modulation  in  a  phase  feedback 
loop,  because  even  an  ideal  linear  phase-lock  loop  system 
can  generate  phase  noise  responding  to  amplitude 
modulation  of  input  signals. 

Measurements  of  Vibrations 

Four  geophones  were  installed  at  opposite  ends  of  a 
Tevatron  test  cavity,  two  in  the  horizontal  plane  and  two 
in  the  vertical  plane.  The  spectrum  measured  from  the 
sensors  on  the  test  cavity,  with  water  pumps  and  heaters 


Figure  6:  Comparison  of  mechanical  vibration  spectra 
with  and  without  water  pumps. 


CONCLUSIONS 

There  is  very  strong  evidence  that  the  mechanical 
vibrations  of  the  Tevatron  RF  cavities  cause  longitudinal 
emittance  growth  and  accumulate  DC  beam.  We  plan  to 
try  methods  to  decrease  vibrations  during  the  collider 
operation: 

•  Remove  sources  of  mechanical  vibrations.  For 
example,  insulate  water  heaters  from  cavities 
mechanically. 

•  Use  two  pickup  antennae  from  the  cavity  and 
combine  these  signals  to  reduce  amplitude 
modulation  due  to  cavity  warping. 

•  Implement  direct  RF  feedback  around  each 
individual  station. 
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Abstract 


Polarized  proton  beam  has  been  accelerated  and  stored  at 
lOOGeV  in  Relativistic  Heavy  Ion  Collider  (RHIC)  to  study 
spin  effects  in  the  hadronic  reactions.  The  essential  equip¬ 
ment  includes  four  Siberian  snakes  and  eight  spin  rotators 
in  two  RHIC  rings,  a  partial  snake  in  the  AGS,  fast  relative 
polarimeters,  and  ac  dipoles  in  the  AGS  and  RHIC.  This 
paper  summarizes  the  performance  of  RHIC  as  a  polarized 
proton  collider  and  of  AGS  as  the  injector  to  RHIC. 

INTRODUCTION 

In  a  perfect  planar  synchrotron  with  vertically  oriented 
guiding  magnetic  field,  the  spin  vector  of  a  proton  beam 
precesses  around  the  vertical  axis  <77  times  per  orbital  rev¬ 
olution,  where  G  —  (5  -  2)/2  =  1.7928  is  the  gyromag- 
netic  anomaly  of  the  proton,  and  7  is  the  Lorentz  factor. 
The  number  of  precessions  per  revolution  is  called  the  spin 
tune  i/sp  and  is  equal  to  G7  in  this  case. 

In  general,  a  spin  resonance  is  located  at 

G7  —  b  i  TtiUx  i  (I) 

where  k,  I,  m  and  n  are  integers,  and  Uy  are  horizontal 
and  vertical  betatron  tunes,  and  Vgyn  is  the  tune  of  the  syn¬ 
chrotron  oscillation.  There  are  three  main  types  of  depolar¬ 
izing  resonances:  imperfection  resonances  at  Vgp  =  k,  in¬ 
trinsic  resonances  at  i>sp  =  I  ii'y  and  coupling  resonances 
nt  i^sp  —  n.  i 

When  a  polarized  beam  is  uniformly  accelerated  through 
an  isolated  spin  resonance,  the  final  polarization  Pf  is  re¬ 
lated  to  the  initial  polarization  Pi  by  the  Froissart-Stora 
formula[2] 

Pf  =  -  l)Pi,  (2) 


Absolute  Polflriraeter  (fi  jet)  ^ 


RHIC  pC  Polarimeters 

BRAHMS  &  PP2PP/ni 


200  MeV  Polarimeter 


RfDipoles 


^AGS  Intemal  Polarimeter 
AGS  pC  Polarimeters 


Figure  1:  The  Brookhaven  polarized  proton  facility  com¬ 
plex,  which  includes  the  OPPIS  source,  200  MeV  LINAC, 
the  AGS  Booster,  the  AGS,  and  RHIC. 


For  a  ring  with  a  partial  snake  with  strength  s,  the  spin 
tune  Vsp  is  given  by 

STT  ^ 

cos  -KVsp  =  cos  -—  cos  G77r,  (3) 

where  s  =  1  would  correspond  to  a  full  snake  which  ro¬ 
tates  the  spin  by  180°.  When  s=l,  the  spin  tune  is  always 
1/2  and  energy  independent.  Thus,  all  imperfection,  in¬ 
trinsic  and  coupling  resonance  conditions  can  be  avoided. 
However,  when  the  spin  resonance  strength  is  large,  a  new 
class  of  spin-depolarizing  resonance  can  occur.  These  reso¬ 
nances,  due  to  coherent  higher-order  spin-perturbing  kicks, 
are  called  snake  resonances  [3]  and  located  at 

Avy  —  where  Avy  is  the  fractional  part  of  verti¬ 

cal  betatron  tune,  n  and  k  are  integers,  and  n  is  called  the 
Snake  resonance  order. 


where  a  is  the  rate  of  change  of  spin  tune  per  radian  of  the 
orbit  angle  due  to  acceleration:  a  =  and  6  is  the 

orbital  angle  in  the  synchrotron.  In  the  AGS,  a  few  weak 
intrinsic  resonances  were  not  corrected  with  any  scheme. 
The  final  polarization  were  affected  by  the  value  of  a. 

*  Work  performed  under  Contract  Number  DE-AC02-98CH 10886  with 
the  auspicies  of  the  US  Deparment  of  Eneigy. 


POLARIZED  PROTONS  IN  THE  AGS 

The  Brookhaven  polarized  proton  facility  complex  is 
shown  schematically  in  Fig.l.  The  polarized  H“  beam 
from  the  optically  pumped  polarized  ion  source  (OPPIS) 
was  accelerated  through  the  2(X)  MeV  LINAC.  The  OP¬ 
PIS  source  produced  10^^  polarized  protons  per  pulse  with 
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Figure  2:  Measured  AGS  polarization  vs.  simulation  for 
various  years. 


70-75%  polarization.  The  beam  was  then  strip-injected  and 
accelerated  in  the  AGS  Booster  up  to  2.5  GeV  or  G'y  =  4.7. 

At  the  AGS,  a  5%  partial  Siberian  snake  that  rotates  the 
spin  by  9°  is  sufficient  to  avoid  depolarization  from  im¬ 
perfection  resonances  up  to  the  required  RHIC  transfer  en¬ 
ergy  [4].  FuU  spin  flip  at  the  four  strong  intrinsic  reso¬ 
nances  can  be  achieved  with  a  strong  artificial  if  spin  reso¬ 
nance  excited  coherently  for  the  whole  beam  by  firing  an  ac 
dipole  [5].  The  remaining  polarization  loss  in  the  AGS  is 
caused  by  coupling  resonances  and  weak  resonances.  The 
polarized  proton  beam  was  accelerated  up  to  G'y  =  46.5 
or  24.3  GeV.  Since  the  intrinsic  and  coupling  resonance 
strength  is  dependent  on  transverse  emittance,  it  is  very 
important  to  maintain  emittance  as  small  as  possible.  The 
beam  was  scraped  in  three  dimension  in  the  Booster:  both 
transverse  dimensions  and  longitudinal  dimension.  The 
longitudinal  scraping  is  to  meet  the  RHIC  requirement  of 
0.5  eV-s  longitudinal  emittance.  The  beam  intensity  varied 
between  0.5  -0.7x10^1  protons  per  fill.  The  polarization 
level  at  the  AGS  extraction  energy  was  about  40-45%.  A 
future,  much  stronger  partial  snake  should  eliminate  depo¬ 
larization  in  the  AGS  [6]. 

A  new  polarimeter  based  on  proton  carbon  elastic  scat¬ 
tering  in  the  Coulomb  Nuclear  Interference  (CNI)  region 
has  been  installed  in  AGS  to  measure  polarization  fast  and 
reliably.  The  polarimeter  consists  of  ultra-thin  carbon  tar- 
gets(5  /ig/cm^  and  600  /xm  wide)  and  two  silicon  detectors. 
Fig.  3  shows  the  layout  of  the  AGS  CNI  polarimeter.  The 
electronics  has  to  be  designed  and  installed  carefully  to  live 
with  the  noisy  environment  of  AGS  ring.  One  advantage 
of  this  new  polarimeter  is  to  measure  polarization  during 
acceleration.  Fig.  4  shows  such  a  ramp  measurement  com¬ 
pared  with  expected  polarization.  The  analyzing  power  for 
CNI  process  is  expected  to  be  largely  independent  of  en- 


24mm 

Figure  3:  The  layout  of  the  AGS  CNI  polarimeter.  The 
two  Si  strip  detectors  measure  left-right  asymmetry  of  re¬ 
coil  carbons  at  90  degree  recoil  angle. 


Figure  4:  The  measured  asymmetry  between  G'y  =  20  to 
46.5.  The  5%  partial  snake  flips  spin  at  every  integer  of 
G'y. 


ergy  for  energy  above  a  few  GeV.  These  data  show  that 
other  process  might  have  mixed  in  and  analyzing  power  is 
not  a  constant  in  this  energy  region. 

POLARIZED  PROTONS  IN  RHIC 

The  basic  construction  unit  for  RHIC  snake  is  a  super¬ 
conducting  helical  magnet  producing  a  4T  dipole  filed  that 
rotates  360°  in  a  length  of  2.4  meters.  These  magnets  are 
assembled  in  group  of  four  to  build  four  Siberian  snakes 
(two  for  each  ring)  for  RHIC.  With  two  snakes  in  each  ring, 
the  stable  spin  direction  is  vertical  in  RHIC  and  indepen¬ 
dent  of  beam  energy. 

The  second  RHIC  polarized  proton  run  of  nine  weeks  are 
still  going  on.  Spin  Rotators  are  required  at  the  IRs  used  by 
PHENIX  and  STAR  to  allow  measurements  of  spin  effects 
with  longitudinally  polarized  protons.  The  spin  rotators 
rotate  the  polarization  from  the  vertical  direction  into  the 
horizontal  plane  on  one  side  of  the  IR  and  restore  it  to  the 
vertical  direction  on  the  other  side.  Eight  spin  rotators  have 
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Figure  5:  A  single  particle  spin  tracking  for  Yellow  ring 
with  two  snakes  and  1.88  snake  scenarios.  For  the  1.88 
snake  case,  the  stable  spin  direction  is  not  vertical. 


been  installed  in  the  RHIC  after  last  run.  60  bunches  pat¬ 
tern  was  used  in  each  ring  ( 55  filled,  5  empty  for  an  abort 
gap).  The  beam  emittance  was  about  12  tt  mm-mrad  in 
both  transverse  planes.  The  beam  was  injected  into  RHIC 
with  10  m  *  lattice  and  accelerated  up  to  100  GeV  without 
beta-squeeze.  *  was  then  squeezed  down  to  1  m  and  3  m 
at  various  IRs.  A  separate  rotator  ramp  brings  spin  to  lon¬ 
gitudinal  at  IR  8  [7].  The  set  at  IR  6  will  be  commissioned 
soon.  The  total  intensity  of  3.3  x  10^^  and  peak  luminosity 
of  about  4.5  X 10®°  cm“°s~^  have  been  achieved. 

The  fractional  betatron  tune  space  ranged  between  0.215 
and  0.23  for  the  horizontal  tune  and  between  0.225  to  0.24 
for  the  vertical.  The  vertical  betatron  tune  was  chosen  to 
avoid  3/14  snake  resonance.  Close  attention  was  also  paid 
to  the  orbit,  since  the  imperfection  resonance  strength  is 
proportional  to  the  rms  orbit  error. 

In  the  middle  of  operation,  one  helical  magnet  unit  failed 
due  to  defects  of  coils.  With  the  rest  units,  we  decided  to 
run  this  snake  as  a  88%  partial  snake  while  keeping  the  an¬ 
gles  between  the  two  snakes  as  90°.  The  polarization  in 
Yellow  was  recovered  with  the  new  configuration  although 
it  is  more  sensitive  to  tune  value  and  orbit  errors.  Simula¬ 
tion  shown  in  Fig.  5  confirms  this.  In  general,  the  polariza¬ 
tion  level  was  not  as  good  as  Blue  ring. 

Although  the  analyzing  power  at  100  GeV  for  the  RHIC 
polarimeter  is  unknown,  it  is  expected  to  be  similar  at  injec¬ 
tion  energy.  Under  this  assumption  the  polarization  mea¬ 
sured  at  store  was  typically  about  30-35%,  while  injection 
polarization  is  consistently  about  40%.  One  example  is 
shown  in  Fig.6.  The  loss  of  polarization  is  likely  in  the 
beta  squeeze  part  of  the  ramp. 

CHALLENGES  AHEAD 

The  real  time  tune  control  system  has  been  tested  suc¬ 
cessfully  for  a  few  RHIC  fills  along  the  up  ramp.  But  it 
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Figure  6:  Beam  intensity  (top)  and  measured  polarization 
in  the  Blue  (bottom)  and  Yellow  (middle)  rings  for  a  typical 
store. 

needs  work  to  be  operational.  It  is  essential  to  have  the 
tune  control  system  operational  to  control  betatron  tunes 
along  the  ramp.  In  RHIC  the  primary  source  of  coupling 
comes  from  quadrupole  rolls  in  the  triplet  quadrupoles  at 
the  six  interaction  regions.  In  addition,  a  small  longitudi¬ 
nal  field  is  introduced  by  each  helical  dipole  snake.  The 
decoupling  was  done  fairly  well  at  injection  and  flattop. 
However,  problems  diuing  the  ramp  persisted  since  a  dy¬ 
namic  correction  technique  has  yet  to  be  implemented. 

There  are  also  intensity  limitation  due  to  vacuum  pres¬ 
sure  rise  for  1 10  bunch  of  10^^ .  Some  beam  study  has  been 
done  to  fight  this  problem  [8].  Another  limitation  we  are 
facing  is  beam-beam  tune  shift  limit  [9].  The  beam-beam 
tune  shift  is  about  0.012  for  four  IRs.  We  have  to  live  with 
operation  close  to  the  beam-beam  tune  shift  limit. 

To  reach  the  desired  70%  polarization  in  RHIC,  a  new 
strong  partial  snake  in  the  AGS,  higher  polarization  from 
the  source,  and  good  control  of  RHIC  orbit  and  tunes  are 
needed. 
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Abstract 

In  RHIC  high  intensity  operation,  two  types  of 
pressure  rise  are  currently  of  concern.  The  first  type  is  at 
the  beam  injection,  which  seems  to  be  caused  by  the 
electron  multipacting,  and  the  second  is  the  one  at  the 
beam  transition,  where  the  electron  cloud  is  not  the 
dominant  cause.  The  first  type  of  pressure  rise  is 
limiting  the  beam  intensity  and  the  second  type  might 
affect  the  experiments  background  for  veiy  high  total 
beam  intensity.  In  this  article,  the  pressure  rises  at 
RHIC  are  described,  and  preliminary  study  results  are 
reported.  Some  of  the  unsettled  issues  and  questions  are 
raised,  and  possible  counter  measures  are  discussed. 

INTRODUCTION 

In  very  successful  RHIC  operations  since  2001  [1], 
two  types  of  pressure  rise  have  shown  up,  which  are  of 
concern  for  current  and  future  operations,  with  the 
increasing  beam  intensity. 

First  one  is  the  pressure  rise  at  beam  injection, 
which  is  very  sensitive  to  bunch  intensity  and  bunch 
spacing,  and  tends  to  approach  a  saturation  for  a  given 
beam.  Currently,  this  type  of  pressure  rise  is  limiting  the 
gold  beam  bunch  intensity  of  55-bunch  injection  at 
slightly  below  the  design,  and  it  is  also  preventing  the 
110-bunch  operation  with  high  intensity. 

Second  type  of  pressure  rise  is  at  beam  transition, 
which  is  somewhat  quasi-exponentially  proportional  to 
the  total  beam  intensity,  but  not  sensitive  to  the  bunch 
intensity  and  bunch  spacing.  This  pressure  rise  is  not 
currently  limiting  the  beam  intensity.  However,  in  the 
deuteron-gold  beam  operation  this  year,  it  had  caused 
high  background  at  some  of  the  detectors,  and  hence 
hampers  further  luminisity  improvement. 

There  are  several  peculiar  features  of  the  RHIC 
pressure  rise  and  electron  cloud.  For  example,  bunch 
spacing  in  the  RHIC  is  much  longer  than  the  ones 
elsewhere  the  electron  multipacting  had  been  observed. 
It  is  suspected  that  the  beam  halo  scraping  at  the  long 
straight  beam  chambers  may  have  produced  enough 
positive  ions  to  help  electrons  survive  the  long  bunch 
gap,  and  hence  makes  electron  multipacting  possible. 
Also  higher  than  usual  beam  ion  gas  desorption  rate  is 
needed  to  explain  the  pressure  rise  observation,  which 
might  be  again  related  to  halo  grazing  angle  scraping. 

For  the  counter  measures,  we  have  tried  and  been 
studying  several  options,  such  as  baking  of  the  chamber, 
beam  scrubbing,  solenoids,  and  NEC  coating. 

♦Work  performed  under  Contract  Number  DE-AC02-98CH 
10886  with  the  auspices  of  the  US  Department  of  Energy 


PRESSURE  RISE  AT  INJECTION 


In  the  2001-2003  RHIC  runs,  pressure  rise  at  the  high 
intensity  beam  injection  has  often  occurred  in  the  warm 
straight  sections,  which  are  in  total  about  1,300  m  in  both 
rings,  over  the  machine  circumference  of  3,834  m.  Usually 
the  pressure  rise  takes  place  in  part,  not  all,  of  the  warm 
sections,  with  various  pressure  rise  level  [2]. 

This  type  of  pressure  rise  has  limited  the  gold  beam 
bunch  intensity  at  9  x  10?  ions  per  bunch  for  the  55-bunch 
mode,  just  below  the  design  of  10®  ions  per  bunch.  The 
pressure  rise  was  very  sensitive  to  the  bunch  spacing, 
therefore,  for  the  110-bunch  injection,  the  situation  was 
much  worse,  and  hence  this  mode  was  not  operational  with 
acceptable  bunch  intensity.  These  are  illustrated  in  Fig.l, 
where  the  beam  intensity  and  pressure  rise  are  shown  for 
both  55-bunch  (216  ns  bunch  spacing)  and  1 10-bunch  (108 
ns  bunch  spacing)  mode. 


Fig.l.  Pressure  rise  of  55-bunch  injection  caused  valve 
close  in  an  interaction  region.  The  pressure  rise  was  much 
higher  at  a  single  beam  straight  for  1 10-bunch  injection. 


Longer  straights  can  have  lower  intensity  threshold  of 
the  pressure  rise.  In  Fig.2,  it  is  shown  that  the  intensity 
threshold  at  single  beam  straight  section,  34  m  long,  is  a 
little  more  than  half  of  that  at  the  interaction  region,  20  m. 


Fig.2.  Pressure  rise  of  55-bunch  fill  with  intensity  o/lO” 
protons  per  bunch.  Intensity  threshold  at  both  blue  and 
yellow  straight  sections  were  35  x  10''  protons,  and  it  was 
65  X 1 0"  at  the  interaction  straight  section. 
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Electron  cloud  seems  to  be  responsible  for  this  type 
of  pressure  rise  [3-5],  The  on-set  of  the  electron 
multipacting  and  the  strength  of  the  electron  signal  were 
in  coincidence  with  the  pressure  rise.  In  Fig.3,  the  peak 
electron  signal  with  41  bunches  injected  into  RHIC  is 
shown  to  compare  with  the  pressure  rise.  Meanwhile,  a 
solenoid  around  the  electron  detector  was  set  off,  and  on 
with  various  strength.  The  pressure  rise  is  correlated 
with  the  electron  signal.  Also  both  pressure  rise  and 
electron  signal  were  reduced  by  the  solenoid  field. 


Fig.3.  Beam  intensity,  pressure  and  the  amplitude  of 
electron  signal.  Solenoid  was  set  off  and  on,  which 
covers.  4  min  the  straight  section  of  34  m  long. 

In  Fig.4,  the  electron  signals  observed  at  a  scope  are 
shown  with  the  solenoid  off,  and  on  at  27  and  5  Gauss. 


Fig.4.  Electron  multipacting  in  a  beam  injection  with 
gaps,  note  the  gaps  reset  the  multipacting.  The  electron 
signal  is  reduced  when  weak  solenoid fields  applied. 

PRESSURE  RISE  AT  TRANSITION 

In  the  2003  deuteron-gold  (d-Au)  run,  a  new  type  of 
pressure  rise  was  observed,  which  was  peaked  at  the 
transition,  and  gradually  reduced  afterwards.  Two 
features  of  this  pressure  rise  are  of  concern.  The  first  is 
that  this  pressure  rise  comprises  large  mass  gases 
molecule  desorption,  and  the  pressure  rise  takes  more 
than  10  hours  to  settle  down.  Therefore,  the  beam-gas 
induced  detector  background  might  affect  experiment 
data  taking.  The  second  feature  is  that  the  magnitude  of 
this  pressure  rise  can  be  approximated  as  quasi- 
exponentially  proportional  to  the  total  beam  intensity. 

In  Fig.5,  the  peak  transition  pressure  rise  at  3  of  6 
interaction  regions,  i.e.  IR2,  IRIO  and  IR12,  of  total  74 
high  intensity  ramps  in  the  d-Au  run  are  plotted  against 
the  total  beam  charge  intensity  in  a  10^  gold  ion 
normalized  unit.  Data  include  both  55-bimch  and  110- 
bunch  ramps,  showing  that  this  pressure  rise  is  not 
sensitive  to  bunch  spacing.  Both  deuteron  and  gold 
beams  are  accounted  in  same  way,  provided  the  charges 


are  the  same,  showing  that  there  is  no  Z2  and/or  other  ion 


Fig.5.  Peak  pressure  rise  of  3  interaction  regions  at  the 
transition,  against  total  beam  intensity.  Above  total 
intensity  unit  of  130,  the  deuteron  beam  intensity  was 
higher  than  gold. 

The  dominant  driving  force  of  this  type  of  pressure  rise 
is  probably  the  beam  halo  scraping  at  the  chamber  wall, 
with  very  shallow  grazing  angle.  There  is  no  beam  loss 
correlated  with  the  pressure  rise,  but  at  the  grazing  angle 
scraping,  the  gas  desorption  rate  could  be  very  high  for 
high  energy  ions. 

At  store,  bimches  are  re-bucketed  to  the  200  MHz 
storage  RF  cavities  from  the  28  MHz  acceleration  ones. 
Re-bucketing  shortens  bunch  length  to  5  ns,  about  the  same 
as  that  at  the  transition.  Since  the  beam  transverse  size  is 
smaller  than  the  one  at  the  transition,  the  beam  potential  is 
higher,  yet  no  pressure  rise  was  observed  at  the  re¬ 
bucketing.  In  Fig.6,  the  pressure  rise,  the  beam  potential 
and  beam  momentum  spread  are  shown  in  time.  The  bxmch 
potential  is  calculated  using  Vpot=  IZo/(2;r(0.5+  ln(b/a))), 
where  I  is  the  peak  current,  Zo=  311Q.  is  the  impedance 
of  free  space,  b  and  a  are  chamber  and  beam  radii, 
respectively.  Bunch  intensity  of  5  x  10*  gold  ions  is  used  in 
calculation.  Note  that  the  largest  beam  momentum  spread 
is  at  the  transition,  which  may  cause  some  halo  scraping. 


MlnitfB 


Fig.6.  Transition  pressure  rise  at  the  interaction  region 
IR2.  Beam  momentum  spread  is  highest  at  the  transition, 
and  the  beam  potential  is  highest  at  the  re-bucketing. 

Transition  pressure  rise  existed  in  previous  Au-Au  run, 
but  it  was  largely  ignored,  because  of  the  small  amplitude. 
The  total  intensity  then  was  80  units,  and  from  Fig.5  it  can 
be  seen  that  below  90  imits  this  effect  cannot  be  identified 
clearly.  The  mechanism  is  not  fully  imderstood  yet, 
however,  the  possibility  that  this  pressure  rise  becomes  a 
problem  in  the  next  Au-Au  run  cannot  be  overlooked. 
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QUESTIONS  AND  DISCUSSION 

The  RHIC  electron  multipacting  may  take  place  at 
the  bunch  spacing  as  long  as  216  ns.  As  a  comparison, 
with  the  similar  chamber,  comparable  bunch  intensity 
and  shorter  bunch,  CERN  SPS  used  50  ns  instead  of  25 
ns  bunch  spacing,  the  electron  signal  was  significantly 
reduced,  and  LHC  type  beam  could  be  injected  [6], 
Assuming  that  the  beam  halo  scraping  at  the  long 
straight  beam  pipe  produces  enough  positive  ions  to 
help  the  secondary  electrons  survive  the  long  bunch 
gap,  and  hence  to  make  the  electron  multipacting 
possible,  then  several  other  observations  at  RHIC  might 
be  explained. 

•  The  threshold  at  the  long  straight  sections  is  lower 
than  that  at  shorter  sections,  as  shown  in  Fig.2. 

•  A  less  than  1  mm  radial  steering  increased  pressure 
rise  from  5  x  10"^  to  4  x  10"*  Torr  in  some  location. 

•  Smaller  transverse  beam  size  at  the  straight  sections 
improved  pressure  rise. 

•  RHIC  pressure  rise  was  not  distributed  evenly  in 
the  warm  sections.  For  gold  run,  it  was  in  fact  only 
takmg  place  in  a  few  locations,  and  locations  may 
shift. 

Experimental  data  for  ion  gas  desorption  rate  at  the 
glancing  angle  scraping  was  only  available  recently  for 
low  energy  ions  [7,8].  On  the  other  hand,  observation  in 
RHIC  operations  may  have  already  provided  some  clue. 
Both  in  last  Au-Au  run,  and  the  recent  d-Au  run,  beam 
loss  induced  pressure  rise  seems  showing  that  the  high 
energy  ion  gas  desorption  rate  could  be  very  large.  In 
Fig-7,  pressure  rises  of  a  gold  beam  fill  at  two  locations 
are  compared  with  the  beam  loss  monitor  data. 
Assuming  that  all  the  lost  ions  were  dissipated  at  the 
location  Yi2,  the  gold  ion  gas  desorption  rate  is  about 
1.5x10'^  of  1^2 -equivalent  molecules.  Note  that  less 
then  10  X  10^  gold  ions  lost  before  the  beam  dump. 


Fig.  7.  Beam  intensity,  beam  loss  induced  pressure  rises, 
and  the  corresponding  beam  losses  at  two  locations, 
single  beam  straight  sections  YilO  and  Yi2.  Note  that 
the  pressure  rises  at  Yi2  by  5  orders  of  magnitude  to 
2  X  \0-^Torr 


This  argument  may  provide  a  plausible  explanation  for 
what  happened  at  the  transition  pressure  rise,  for  even 
shallower  incident  angle.  The  conclusion  is,  however,  still 
to  be  reached.  Some  studies  are  necessary  to  clear  this  out. 

It  is  possible  that  electron  multipacting  took  a  part  in 
the  beam  loss  induced  pressure  rise.  Because  of  the 
positive  ions  produced  by  sputtering,  the  usual  space 
charge  force,  which  confines  the  electron  density,  might  be 
reduced,  and  hence  the  electron  saturation  level  is  raised. 
However,  electron  desorption  is  probably  not  dominant 
here.  It  was  observed  that  strong  solenoid  field  at  an 
interaction  region  (  housed  the  STAR  detector)  was 
effective  for  the  pressure  rise  at  the  injection,  but  had  no 
effect  on  the  transition  pressure  rise. 

COUNTER  MEASURES 

Currently,  several  counter  measures  for  the  pressure 
rise  are  undertaken,  or  under  studying  at  the  RHIC. 

•  Vacuum  chamber  baking.  In  last  shutdown,  additional 
40%  of  the  Warm  chambers  were  in-situ  baked.  In  this 
run,  the  pressure  rise  is  in  general  improved  in  these 
locations,  but  not  eliminated. 

•  Solenoid.  It  has  been  observed  that  the  solenoid  is 
effective  in  suppressing  the  electron  multipacting. 
Since  the  RHIC  pressure  rise  takes  place  only  in 
straight  sections,  solenoid  can  be  applied.  However,  it 
will  not  be  effective  for  flie  transition  pressure  rise. 

•  Beam  scrubbing  [9].  It  has  been  planned  for  a  study  at 
the  RHIC.  Since  the  RHIC  pressure  rise  is  very 
unevenly  distributed  in  the  ring,  therefore,  a  complete 
scrubbing  of  the  ring  will  be  very  difficult. 

•  Beam  injection  with  gaps.  It  has  been  shown  in  a  study 
that  beam  gaps  can  be  used  to  reduce  the  pressure  rise. 
This  will  be  useful  in  the  future  operation. 

•  NEC  (Non-evaporable  getter)  coating  [10].  The  NEC 
coating  reduces  not  only  the  secondary  electron  yield, 
but  also  the  electron  and  ion  gas  desorption  rates. 
Therefore,  it  may  improve  both  types  of  pressure  rise 
at  the  RHIC,  i.e.,  pressure  rise  at  the  injection,  and  at 
the  transition.  NEG  coating  also  provides  linear 
pumping,  hence  may  improve  experiment  backgroimd 
due  to  beam-gas.  A  section  test  for  the  NEG  coating  is 
under  consideration,  and  potential  problems  such  as 
aging,  activation,  etc.  are  under  studying. 
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Abstract 

The  Tevatron  Electron  Lens  was  originally  designed  to 
alleviate  the  tune  shift  and  spread  induced  in  Tevatron 
antiproton  bunches  from  interactions  with  the  proton 
bunches.  We  report  recent  developments  and  successful 
results  of  such  tune-shift  compensation.  Lifetime 
measurements  are  central  to  our  data  and  the  basis  of  our 
analysis.  Future  goals  and  possible  uses  for  the  lens  are 
also  discussed. 

INTRODUCTION  TO  THE  TEVATRON 
ELECTRON  LENS 

A  description  of  the  Tevatron  Electron  Lens  (TEL)  has 
been  described  in  several  previous  articles,  including  a 
detailed  motivation  for  tune-shift  compensation  of  the 
Tevatron’s  beam-beam  interaction  during  Run  11  [1,2]. 
Antiproton  bimches  in  the  Tevatron  suffer  a  tune  shift  due 
to  their  interaction  with  proton  bunches  at  the  collision 
points.  In  addition,  parasitic  crossings  (long-range 
interaction  points)  and  nonlinear  fields  cause  a  spreading 
of  a  bunch’s  tune.  These  two  effects  create  a  large, 
unwieldy  tune  footprint  that  encourages  emittance  growth 
and  low  average  luminosity  [3]. 

Overview  of  the  TEL 

The  TEL  consists  of  an  electron  gun  placed  in  a 
solenoid  that  directs  the  low-energy  electron  beam  along 
the  field  lines.  A  second,  superconducting  solenoid  bends 
the  beam  along  the  path  of  the  antiprotons,  and  a  third 
bends  the  electrons  back  out  where  they  are  collected  [4]. 
Figure  1  illustrates  most  of  the  hardware,  with  a  rendering 
of  the  electron  beam  interacting  with  the  antiproton 
bunches  while  avoiding  the  protons.  The  central  magnet 
is  two  meters  long,  and  beam  position  monitors  (BPMs) 
are  located  near  both  ends  to  ensure  that  the  electrons  and 
antiprotons  are  collinear  along  the  entire  magnet 
length  [5]. 

The  goal  of  the  TEL  is  to  provide  a  radial  space-charge 
force  on  the  antiprotons  during  every  pass  that  is  opposite 
the  tune  shift  caused  by  the  protons.  Adjusting  the 
electron-beam  current  for  each  bunch  will  allow  the 
space-charge  force  to  mimic  the  linear  forces  caused  by 
the  protons.  Creating  nonlinear  fields  to  decrease  the 
tune  spread  within  individual  bunches  is  also  being 
addressed  [6]. 


Figure  1:  An  approximate  CAD  drawing  of  the  TEL 
apparatus.  The  electron  beam  as  drawn  interacts 
with  the  antiprotons. 


15 


Figure  2:  Comparison  of  the  beam  profiles  of  the 
“flattop  gun”  and  “Gaussian  gun”  and  a  cross  section 
of  the  latter. 

The  changing  of  the  gun 

At  the  beginning  of  the  current  year,  the  electron  gun 
was  replaced  with  one  of  a  different  geometry.  The  initial 
gun  had  a  large  measured  perveance  (possibly  as  high  as 
5.6  pP)  and  a  flat  transverse  current  distribution,  both  in 
accordance  with  its  design  goals.  The  “flattop”  beam 
profile,  illustrated  in  Figure  2,  produced  nicely  linear 
focusing  forces  on  the  immersed  antiproton  bunches. 
However,  the  steep  edges  on  the  sides  created  extremely 
nonlinear  forces  on  antiprotons  with  large  betatron 
amplitudes.  These  forces  excited  oscillations  until  the 
antiprotons  were  lost. 

This  unfortunate  effect  spurred  the  design  of  a  new  gun 
with  a  very  smooth,  almost  Gaussian-shaped  profile.  The 
perveance  is  only  1.8  pP,  but  the  central  ciurent  density  is 
about  the  same  than  that  of  the  “flattop  gxm.”  Figure  2 
also  shows  a  cross-section  of  the  “Gaussian  gun”  and  its 
current  profile,  and  more  description  of  the  changes  can 
be  found  in  another  publication  [5]. 
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Figure  3:  Schottky  spectra  while  one  bunch  is  tune- 
shifted. 


Figure  4:  Tune  shift  (open  circles)  and  lifetime 
(closed  circles)  depend  on  beam  current. 


Schottky  detectors  in  the  Tevatron  are  used  to  measure 
the  tunes  of  the  bunches.  During  one  test  of  the  lens, 
three  proton  bunches  (without  antiprotons)  were  injected 
into  the  Tevatron,  and  the  observed  (fractional)  horizontal 
tune  of  all  three  bunches  was  0.5795.  Then  the  lens  was 
pulsed  such  that  it  only  intercepted  one  of  the  three 
bunches.  The  two  spectra  that  were  associated  with  the 
other  two  bunches  remained  unaltered,  but  the  tune  of  the 
third  shifted  by  0.0082  to  0.5877,  and  its  spectra  appeared 
quite  stable.  Figure  3  shows  the  resulting  spectra;  the  two 
untouched  bunches  produced  the  set  of  peaks  on  the  left, 
and  only  after  turning  the  TEL  on  did  the  third  bunch 
produce  the  set  on  the  right. 

Changing  the  electron-beam  current  changes  the 
observed  tune  shift  and  the  losses  of  bunch  particles. 
Figure  4  illustrates  the  nearly  linearly  increasing  tune 
shift  (open  circles). 

EFFECTS  ON  BUNCH  LIFETIME 

During  most  Tevatron  operations,  the  antiproton  and 
proton  emittances  have  been  larger  than  expected, 
especially  toward  the  end  of  stores.  Due  to  this,  the 
“flattop  gun”  always  reduced  bunch  lifetime.  The 
“Gaussian  gun,”  however,  was  able  to  preserve  the 
original  lifetime  of  a  bunch.  Figure  4  shows  how 
increasing  the  peak  current  from  the  latter  gun  decreased 
the  observed  lifetime;  nevertheless,  these  values  rival  the 
typical  lifetimes  for  the  Tevatron  and  corroborate  our 
belief  that  a  smoother  profile  preserves  the  bunch 
emittance. 


of  current  fluctuations. 


Figure  6:  Bunch  sizes  stabilize  after  TEL  collimates 
them. 


Another  cause  of  bunch  blowup  could  be  tum-by-tum 
fluctuations  of  the  electron  beam  current.  During  typical 
studies,  these  fluctuations  were  found  to  be 
approximately  0.1%.  In  order  to  assess  the  effect  of  , 
measurements  of  purposefully  large  current  fluctuations 
were  taken.  Figures  presents  this  data,  where  0.1% 
corresponds  to  less  than  1  mA  and  therefore  about  0.01  n- 
pm/hr  emittance  growth. 

TEL  as  a  soft  collimator 

An  interesting  application  of  the  “flattop  gun”  is  to 
slowly  eliminate  bunch  particles  with  large  betatron 
amplitudes,  thereby  leaving  a  lower-emittance  bunch. 
Figure  6  shows  the  size  of  a  particular  bunch  while  it  was 
collimated  in  this  manner.  One  amp  of  electron-beam 
current  was  applied  initially.  Many  particles  were 
quickly  lost,  decreasing  the  beam  size;  however,  the  loss 
rate  began  to  level  off  because  the  remaining  core  bunch 
was  stable.  To  confirm  our  understanding,  the  beam 
current  was  doubled  to  two  amps,  but  the  beam  size  was 
still  secure. 

Also  shown  is  the  bunch  intensity  (open  circles)  in 
units  of  10"  particles,  and  the  linear  attrition  rate 
indicates  that  there  was  a  uniform,  slow  diffusion  of 
particles  in  phase  space,  which  caused  a  small  amount  of 
continuous  losses. 
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horizontal  time 

Figure  7:  Working-point  scans  for  the  “flattop  gun”  and 
the  “Gaussian  gun.” 

At  the  very  end  of  the  study,  the  electron  beam  was 
misaligned  purposefully.  The  bunch,  now  passing 
through  the  highly  nonlinear  beam  edge,  quickly  gained 
emittance  and  lost  particles. 

Dependence  on  working  point 

Figure?  supplies  cogent  evidence  that  a  smoother 
beam  profile  can  preserve  the  bunch  lifetime.  Two 
working-point  scans  (measuring  lifetime  at  various 
horizontal  and  vertical  tunes)  were  conducted:  the  first 
with  the  “flattop  gwn,”  the  second  with  the  “Gaussian 
gun.”  While  the  two  scans  did  not  cover  the  exact  same 
regions  of  tune  space,  most  of  the  scans  overlap  each 
other.  The  plots  have  identical  boimdaries  and  color 
scales,  and  contours  are  drawn  every  20  hours.  The 
“flattop  gim”  could  not  surpass  eighty  hours,  and  its 
highest  lifetimes  were  confined  to  a  small  diagonal 
region.  On  the  other  hand,  the  “Gaussian  gun”  offered 
decent  lifetimes  over  a  much  broader  area  and  sometimes 
exceeded  120  hours.  Again,  these  values  are 
indistinguishable  from  typical  Tevatron  lifetimes.  The 
tune  shift  in  both  scans  was  set  to  about  0.004. 

FUTURE  GOALS 

The  TEL  has  a  number  of  ongoing  projects  and 
upgrades  under  development.  For  the  past  18  months,  the 
lens  has  been  needed  to  clean  the  abort  gap  of  residual 
particles.  Recent  tests  have  pulsed  the  lens  for  this 
cleaning  operation  in  addition  to  tune-shift  compensation 

[5]. 

Improvements  to  the  TEL 

Currently  we  have  additional  solenoids  that  will  be 
installed  in  the  bends;  at  the  same  time,  the  gun  and 
collector  will  be  moved  so  that  the  beam  needs  only  to 
bend  about  53  degrees,  instead  of  the  current  90  degrees. 
These  changes  will  stabilize  current-dependent  position 
changes  and  facilitate  a  larger  beam  diameter  without 
scraping  along  the  beam  pipe. 

The  goal  of  extracting  more  current  from  the 
“Gaussian”  gun  requires  more  voltage  pulsed  to  the 
anode.  A  new  pulse  modulator  will  do  fliis  and  hopefully 


provide  quicker  rise  and  fall  times.  In  addition,  the  pulse- 
to-pulse  fluctuations  will  hopefully  be  decreased  further 
with  a  different  design. 

Ongoing  work  on  a  better  BPM  system  has  shown 
promising  results.  These  BPMs  have  a  significantly 
smaller  frequency  and  intensity  dependence  than  the 
previous  model,  and  our  hope  is  to  install  them  within  this 
year. 

Lastly,  new  solenoids  for  an  entire  new  lens  are 
currently  being  fabricated. 

Other  uses  for  the  TEL 

The  proton  bunches  in  typical  Tevatron  stores  suffer 
more  beam-beam  effects  than  expected,  and  the  sheer 
number  of  protons  makes  their  losses  as  problematic  as 
the  antiprotons.  There  are  proposals  to  perform  tune-shift 
compensation  on  protons  instead  [7]. 

Another  source  of  emittance  blowup  in  the  Tevatron  is 
a  head-tail  instability  in  proton  bunches  while  the 
Tevatron  is  at  low  energy.  An  idea  of  stabilizing  the 
effects  of  collective  oscillations  with  the  lens  should 
alleviate  this  problem. 

Integrating  tune-shift  compensation  with  Run  11 
operations  is  our  highest  priority,  but  the  number  of  other 
ideas  by  which  the  TEL  can  be  useful  to  the  Run  II 
program  is  always  increasing.  Intense  discussion  of 
incorporating  at  least  one  into  the  LHC  design  and  other 
accelerators  is  another  tribute  to  our  ongoing  success. 
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25  YEARS  OF  TECHNICAL  ADVANCES  IN  RFQ  ACCELERATORS* 

Lloyd  Young,  Los  Alamos  National  Laboratory,  Los  Alamos,  New  Mexico  87545  USA 


Abstract 

The  radio  frequency  quadrupole  (RFQ)  accelerator 
began  as  ‘The  ion  linear  accelerator  with  space-uniform 
strong  focusing”  conceived  by  I.  M.  Kapchinskii  and  V. 
A.  Teplyakov[l].  In  1979,  R.  H.  Stokes,  K.  R.  Crandall,  J. 
E.  Stovall  and  D.  A.  Swenson[2]  gave  this  concept  the 
name  RFQ.  Shortly  after  Valentine’s  Day  in  1980  a 
telegram  was  sent  to  I.  M.  Kapchinskii.  It  stated,  ‘The 
RFQ  is  alive  and  well  at  the  Los  Alamos  Scientific 
Laboratory”.  Thus  begins  a  very  informative  story  of  the 
early  history  of  the  development  of  the  RFQ[3].  By  1983, 
at  least  15  laboratories  throughout  the  world  were 
working  on  various  RFQ  designs.  H.  Klein  wrote  an 
excellent  review  of  a  number  of  different  RFQ 
structures[4].  In  the  early  years,  there  were  many  types  of 
geometry  considered  for  the  RFQ,  but  only  a  few  types 
have  survived.  The  two  cavity  geometries  now  used  in 
almost  all  RFQs  are  the  4-vane  and  4-rod  structures.  The 
4-vane  structure  is  the  most  popular  because  its  operating 
frequency  range  (80  to  -500  MHz)  is  suitable  for  light 
ions.  Heavy  ions  require  low  frequencies  (below  200 
MHz).  Because  the  4-rod  structure  has  smaller  transverse 
dimensions  than  a  4-vane  RFQ  at  the  same  frequency,  the 
4-rod  RFQ  is  often  preferred  for  these  applications.  This 
paper  will  describe  how  the  RFQ  accelerates  and  focuses 
the  beam.  The  paper  also  discusses  some  of  the  important 
technical  advances  in  designing  and  building  RFQs. 

RFQ  DESCRIPTION 

The  RFQ  has  4  electrodes  with  alternating  RF  voltage 
impressed  on  them.  The  dominant  characteristic  of  the 
electric  field  is  that  of  a  quadrupole  shown  in  Figure  1.  A 
beam  of  ions  traveling  down  the  axis  of  an  RFQ,  with  a 
cross  section  similar  to  that  shown  in  Figure  1,  sees 
alternating  focusing  and  defocusing  electric  quadrupole 
fields.  Because  the  fields  oscillate  at  the  frequency  of  the 
RF,  and  are  spatially  continuous  along  the  axis  of  the 
RFQ,  the  focusing  force  does  not  depend  on  the  velocity 
of  the  ions.  By  modulating  the  radius  of  the  pole  tips,  a 
longitudinal  electric  field  can  be  obtained  with  the  same 
energy  ion  beam  while  bunching  and  accelerating.  Figure 
2  defines  some  of  the  typical  parameters  that  describe  the 
geometry  of  the  RFQ  pole  tips.  Beta  “P”  is  the  velocity  of 
the  ions  in  units  of  “c,”  the  speed  of  light,  and  “A”  is  the 
free  space  wavelength  of  the  RF  Frequency.  The 
modulation  factor  is  “m”  and  “a”  is  the  minimum  distance 
from  the  pole  tip  to  the  RFQ  axis.  The  gap  voltage 
between  adjacent  vanes  is  “V”.  It  is  apparent  from 
looking  at  Figure  2  that  the  voltage  on  the  axis  is  tending 
toward  +V/2  at  the  position  indicated  with  “a”.  Not  shown 
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Figure  1 :  Electric  field  lines  in  a  RFQ. 

in  figure  2  are  the  horizontal  vanes  that  have  their 
minimum  distance  from  the  axis  of  “a”  where  the  vertical 
vanes  are  “ma”  from  the  axis.  Figure  3  shows  how  the 
horizontal  vanes  are  offset  from  the  vertical  vanes  by  one 
cell  length.  The  voltage  on  axis  at  the  position  marked 
“ma”  is  tending  toward  -V/2.  Thus  there  is  a  longitudinal 
electric  field  on  axis  that  peaks  half  way  between  “a”  and 
“ma”  in  Figure  2.  The  “unit  cell”  in  the  RFQ  is  defined  in 
Figure  2  by  PA/2. 


Figure  2:  RFQ  pole-tip  geometry.  This  figure  shows  the 
two  opposing  vertical  electrodes  that  have  the  same 
voltage  -hV/2.  The  modulations  of  the  -V/2  horizontal 
electrodes  are  shifted  by  pX/2  in  Z.  The  length  of  a  unit 
cell  is  PA/2.  The  modulation  is  defined  as  “m”. 
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Figure  3:  Illustration  of  modulated  vanes  in  a  RFQ 
showing  how  the  modulation  of  the  horizontal  vanes  is 
offset  one  unit  cell  from  the  vertical  vanes. 


PARMTEQ 

Almost  as  important  as  the  invention  of  the  RFQ  was 
the  development  of  the  computer  code  Parmteq  that 
simulates  the  beam  in  the  RFQ.  K.  Crandall  modified  a 
version  of  Parmila  and  called  it  Parmteq  (phase  and 
Radial  Motion  in  Transverse  Electric  Quadrupoles)[5]. 
Parmteq  performed  the  basic  functions  of  designing  an 
RFQ.  It  generated  a  physical  description  of  the  RFQ,  then 
generated  an  input  particle  distribution,  and  transported 
the  beam  through  the  RFQ.  Parmteq  also  generated  output 
distributions  and  graphical  representations  of  the  beam. 
This  code  and  local  variations  were  used  at  most 
laboratories  through  out  the  world  and  became  a  standard 
reference  for  RFQ  simulation. 

THE  FmSTRFQ 

In  April-May  of  1975  a  4-rod  RFQ  was  st^ed  up  at  the 
Institute  of  High-Energy  Physics  in  the  USSR[6].  This 
RFQ  operated  at  148.5  MHz.  The  maximum  accelerated 
proton  beam  current  was  140  mA  at  1.97  MeV.  The 
normalized  emittance  was  less  than  2.5  micron  (for  85% 
of  the  particles).  The  pulse  length  was  10  psec  at  25  Hz. 

THE  POP  EXPERIMENT 

The  first  successful  test  of  a  4-vane  RFQ  occuired  in 
1980[7]  with  the  proof  of  principle  (POP)  experiment  at 
Los  Alamos.  A  picture  of  the  POP  RFQ  appears  in  Figure 
4.  This  RFQ  had  several  features  that  are  still  used  in 
modem  4-vane  RFQs.  The  desired  operating  mode  is  the 
TE210.  This  means  the  fields  are  transverse  electric  (TE). 
The  (21)  means  that  in  cross  section  the  fields  are 
quadrupole.  The  zero  (0)  means  no  variation  in  fields 
along  the  axis.  In  this  RFQ,  to  make  the  fields  uniform  the 
vanes  have  an  undercut  on  the  vane  ends.  These  undercuts 
are  just  visible  in  Figure  3.  The  end  plates  in  POP  had 
small  button  tuners  opposite  the  ends  of  the  vane  tips. 
These  tuners  were  used  to  fine-tune  the  field  flatness.  The 
magnetic  field  in  the  TE  mode  is  longitudinal  and  the 


Figure  4:  A  picture  of  the  POP  RFQ  experiment. 

flux,  which  alternates  direction  in  adjacent  quadrants, 
must  have  a  way  to  turn  around  at  the  ends  of  the  RFQ. 
Without  the  undercuts,  the  end  pieces  would  short  out  the 
electric  field  and  the  electric  fields  would  be  zero  at  the 
ends.  Then  the  lowest  frequency  quadrupole  mode  would 
be  a  TE211  mode.  This  type  of  stracture  will  also  support 
the  TEiin  modes  (where  n=0,  1,  2,  ...)  also  known  as 
dipole  modes.  The  frequencies  of  the  dipole  modes  are 
not  too  much  different  from  the  quadmpole  modes. 

Beam  dynamics  issues 

The  RFQ  can  take  an  intense  DC  beam  from  an  ion 
source,  bunch  it,  and  accelerate  the  beam  to  high  enough 
energy  to  be  accelerated  by  a  conventional  linac. 
Therefore,  the  RFQ  must  accept  beam  from  a  beam  line 
that  has  static  focusing.  Whereas  the  focusing  in  the  RFQ 
is  time  varying.  The  section  of  the  RFQ  that  accepts  the 
injected  beam  is  called  the  radial  matching  section 
(l^S).  The  aperture  at  the  leading  end  of  the  RMS  is 
quite  large  and  slowly  decreases  in  a  prescribed 
manner[7,8]  to  the  aperture  of  the  next  section.  The  RMS 
is  typically  2  to  5  pA,  long.  As  the  beam  traverses  the 
RMS  the  RF  time  varying  focusing  increases  slowly, 
conditioning  the  beam  to  the  time  varying  focusing 
channel  of  the  RFQ.  With  the  code  TRACE2D[9]  a  beam 
from  a  static  transports  system  can  be  matched  to  the  RFQ 
with  a  RMS.  The  next  section  in  the  RFQ  is  called  the 
“shaper”.  In  the  shaper  the  modulation  “m”  starts  at  1.0 
and  increases  linearly  with  z,  the  position  along  the  axis. 
The  synchronous  phase  at  the  start  of  the  shaper  is  -90 
degrees  and  it  also  increases  linearly  with  z.  The  designer 
can  chose  the  length,  final  modulation,  and  final 
synchronous  phase  so  that  the  beam  distribution  has  the 
appropriate  shape  for  the  next  section  which  Kapchinskii 
called  the  “gentle  buncher.”  In  the  “gentle  bunchei'’  two 
conditions  are  imposed:  the  average  length  of  the  bunch  is 
held  constant  and  the  small  amplitude  longitudinal 
frequency  is  held  constant.  These  conditions  determine 
“m”  and  the  synchronous  phase  in  the  “gentle  buncher.” 
The  RFQ  designer  picks  the  final  energy  and  final 
synchronous  phase  of  the  “gentle  buncher.”  The  last 
section  is  the  accelerator,  where  in  early  designs  the 
modulation  “m”  increases  to  a  maximum  practical  value 
of  about  2,  and  the  synchronous  phase  was  held  constant. 
The  length  of  the  accelerator  section  depends  on  the 
required  final  energy.  These  beam-dynamics  design 
philosophies  are  common  to  both  4-rod  and  4-vane 
RFQ’s. 
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DIPOLE  SUPPRESION 

The  4-vane  RFQ  has  pole  tips  with  a  gap  of  only  a  few 
mm  between  the  adjacent  tips.  Under  these  circumstances 
the  frequency  separation  between  the  TEzin  and  TE„„ 
modes  becomes  quite  small.  Depending  on  the  length  of 
the  structure,  one  of  the  TEnn  modes  may  be  very  nearly 
degenerate  with  the  TE210  mode.  Small  perturbations  can 
cause  these  modes  to  mix  with  the  TE210  mode  and  distort 
the  fields.  On  the  POP  RFQ  it  was  thought  that  direct 
excitation  from  the  drive  frequency  could  also  excite  the 
nearby  TElln  modes  and  distort  the  fields.  It  was  for  this 
reason  that  a  coaxial  manifold  was  used  to  feed  RF  power 
to  the  POP  RFQ  and  several  other  early  RFQs[10,ll,12]. 
Resonant  coupling  loops  were  used  to  transfer  power 
from  the  coax  manifold  to  the  four  quadrants  of  the  RFQ 
providing  symmetric  power  to  drive  the  TE210  mode  but 
with  negligible  coupling  to  TEim  modes. 

Vane  coupling  rings 

The  first  effective  technique  used  to  eliminate  the  effect 
of  these  TElln  modes  occurred  at  Berkeley[13]  with  the 
invention  of  the  vane  coupling  rings  (VCR).  Vane 
coupling  rings  short  opposite  vanes  to  each  other  through 
holes  in  the  adjacent  vanes,  effectively  raising  the 
frequency  of  the  TEjm  modes  well  above  the  desired 
TE210  mode.  These  rings,  although  simple,  had  some 
problems  associated  with  them.  Mechanically,  they  were 
hard  to  implement,  and  electrically,  parasitic  capacitance 
associated  with  the  VCR’s  caused  dips  in  the  electric  field 
strength.  The  increased  capacitance  also  lowered  the 
frequency  of  the  TE210  mode.  Therefore,  the  use  of 
coupling  rings  as  dipole  suppressors  was  brief. 

Stabilizing  loops 

In  1990,  two  new  methods  of  suppressing  dipole  modes 
were  introduced.  The  7t-mode  stabilizing  loop  (PISL)[14] 
and  the  loop-coupled  TEM  lines[15].  PISLs  were  used  in 
at  least  two  RFQs:  A  432-MHz,  3-MeV  RFQ  for  the 
Japanese  Hadron  Project[15]  and  the  402.5-MHz,  2.5- 
MeV  RFQ  for  the  Spallation  Neutron  Source  (SNS)[16]. 
In  the  RFQ  for  SNS,  the  PISLs  raised  the  frequency  of  the 
lowest  dipole  mode  to  about  35  MHz  above  the 
quadrupole  mode  and  lowered  the  quadrupole  mode  by  11 
MHz.  Topologically,  the  PISL  is  similar  to  the  VCRs  and, 
therefore,  they  also  increase  the  capacitance  or  reduce  the 
inductance.  Because  the  PISL’s  are  not  so  close  to  the 
vane  tips,  no  significant  dips  in  the  electric  quadrupole 
fields  occur.  The  loop-coupled  TEM  lines  were  never 
used. 

Dipole  tuning  posts 

The  RFQ  for  the  beam  experiment  aboard  a  rocket 
(BEAR)[17]  used  dipole  suppressors  similar  to  that 
suggested  by  Vretenar[18].  These  stabilizers  were 
mounted  on  the  end  of  the  quadrants  such  that  they  did 
not  effect  the  tuning  of  the  quadrupole  modes,  but  could 
lower  the  frequency  of  the  dipole  modes.  The  advantage 
these  stabilizers  had  were  the  ease  of  installation  and 
virtually  no  effect  on  the  frequency  of  the  quadrupole 


mode.  The  stabilizers  only  changed  the  frequency  of  the 
dipole  modes,  so  one  could  adjust  them  to  move  the 
frequency  of  the  dipole  mode  several  MHz  from  the 
quadrupole  mode.  The  dipole  suppressors,  coupled  with 
tuners  along  the  outer  wall  of  the  BEAR  RFQ  resulted  in 
electric  quadrupole  field  strength  within  a  few  percent  of 
the  design.  This  type  of  dipole  suppressors  has  been  used 
on  a  number  of  RFQs:  the  ground  test  accelerator 
(GTA)[19],  the  RFQ  for  the  superconducting  super 
collider  (SSCL)[20],  the  continuous  wave  deuterium 
demonstrator  (CWDD)[21],  and  the  low-energy 
demonstration  accelerator  (LEDA)[22,23] 

RFQ  BEAM  DYNAMICS  CODES 

PARMTEQ  was  the  first  of  the  RFQ  beam-dynamics 
codes.  A  number  of  variations  of  the  code  were  developed 
at  various  laboratories  during  the  early  years,  but 
PARMTEQ  was  the  standard  with  which  the  other  codes 
were  compared.  PARMETQ  used  the  two-term 
potential[2]  to  calculate  the  fields  for  the  beam  d3mamics 
simulation.  In  the  mid  1980s  the  code  RFQTRAK  was 
being  developed  at  Chalk  River [24],  This  code  used 
higher  order  multipoles  calculated  by  the  code 
RFQCOEF[25]  and  used  a  3D  finite  element  method  to 
calculate  the  effects  of  space  charge  and  image  charge. 
The  first  use  of  PARMTEQM,  a  modified  version  of 
PARMTEQ  that  use  the  first  8  terms  of  the  RFQ  potential, 
was  on  the  design  of  the  RFQ  for  SSCL[20].  This  RFQ 
was  first  designed  with  PARMTEQ,  but  it  had  a  much 
lower  injection  energy  (35  keV)  than  previous  RFQs.  A 
PARMTEQM  simulation  showed  that  in  this  design  the 
transmission  was  unacceptably  low.  PARMTEQM  was 
used  to  redesign  the  SSCL  RFQ  and  the  transmission 
increased  to  ~90%  for  the  design  current.  Simulations  of 
the  LEDA  RFQ  with  PARMTEQM  and  RFQTRAK 
agreed  very  well  [23] . 

The  newest  RFQ  simulation  codes  use  the  finite 
difference  method  to  solve  for  the  3D  fields. 
TOUT ATIS  [26,27]  was  used  to  simulate  the  LEDA  RFQ 
and  the  results  agreed  very  well  with  PARMTEQM  and 
with  RFQTRAK,  However,  there  was  a  very  subtle 
difference  in  the  output  distribution.  The  output 
distribution  from  TOUT  ATIS,  when  used  in  simulations 
of  the  halo  experiment,  agreed  quite  well  with  the 
experiment[28].  The  distribution  from  PARMTEQM 
apparently  had  fewer  particles  that  ended  up  in  the 
halo[29].  LIDOIS[30,31]  is  a  package  of  codes  that  can 
optimize  the  design  of  the  RFQ,  then  simulate  the  beam 
dynamics  with  fields  calculated  with  the  real  vane  shape. 

RESONANTLY  COUPLED  RFQ 

The  8-meter-long  LEDA  RFQ  is  comprised  of  four  2- 
meter-long  RFQ  segments  resonantly  coupled  together. 
The  operating  mode  is  the  zero  mode,  meaning  all  4 
sections  are  resonating  in  phase.  Figure  5  shows  a  picture 
of  this  RFQ  on  the  tuning  table.  The  idea  of  resonantly 
coupling  short  RFQ  together  was  first  expressed  in 
1990[32].  A  8-meter-long  model  was  built  to  verify  the 
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Figure  5:  Eight-meter-long  RFQ  in  the  tuning  laboratory.  Adjustable  slug  tuners  can  be  seen  in  this  picture. 


theory  [33].  After  the  successful  operation  of  the  LED  A 
RFQ[34]  at  least  two  more  Coupled  RFQs  are  being  built. 
The  5  MeV  IPHI  RFQ  is  being  built  at  CEA-Scalay[35] 
and  the  5  MeV  TRASCO  RFQ  at  INFN-LNL  Italy[36].  A 
3.5-MeV,  5.7-meter-long  coupled  RFQ  with  two  sections 
is  being  studied  in  China[37].  In  Korea,  a  350-MHz,  3- 
MeV,  cw  RFQ  with  two  sections  coupled  together  has 
been  built[38]. 
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Abstract 

The  Front-End  (FE)  for  the  Spallation  Neutron  Source 
(SNS)  accelerator  system  is  a  2.5-MeV  linac  injector 
consisting  of  the  following  major  subsystems,  the  rf- 
driven  H-  ion  source,  the  electrostatic  Low  Energy  Beam 
Transport  line,  a  402.5  MHz  RFQ,  the  Medium  Energy 
Beam  Transport  line,  a  beam  chopper  system  and  a  suite 
of  diagnostic  devices.  After  construction  and  initial 
commissioning  at  LBNL  the  Front  End  was  shipped  to 
Oak  Ridge  in  the  summer  of  2002,  installed  at  the  SNS 
site  and  re-commissioned.  This  paper  provides  an 
overview  of  the  major  design  features  and  the 
experimental  results  obtained  during  the  final 
commissioning  of  the  Front  End  Systems.  Performance  of 
the  various  subsystems  will  be  described,  and  the  final 
beam  output  performance  will  be  summarized. 

INTRODUCTION 

The  SNS  accelerator  systems  are  comprehensively 
discussed  elsewhere  [1].  They  are  designed  to  deliver 
intense  proton  beam  pulses  to  the  spallation  target  at  60Hz 
repetition  firequency  with  average  beam  power  of 
1.44MW. 

The  front-end  for  the  SNS  accelerator  systems  is  a 
2.5MeV  injector  consisting  of  the  following  major 
subsystems;  the  rf-driven  H-  source,  the  electrostatic  low 
energy  beam  transport  line  (LEBT),  a  402.5MHz  RFQ, 
the  medium  energy  beam  transport  line  (MEBT),  a  beam 
chopper  system  and  a  suite  of  diagnostic  devices  [2,7]. 
The  beam  line  is  shown  schematically  in  Fig.l.  The 
front-end  is  required  to  produce  a  38niA  beam  of  2.5MeV 
energy  at  6%  duty  factor.  The  1ms  long  H-  macro-pulses 
are  chopped  at  the  revolution  frequency  of  the 
accumulator  ring  into  mini-pulses  of  645ns  duration  with 
300ns  gaps.  Beam  chopping  is  performed  by  two  separate 
chopper  systems  located  in  the  LEBT  and  MEBT, 
respectively.  The  LEBT  chopper  removes  most  of  the 
beam  charge  during  the  mini-pulse  gaps,  and  the  MEBT 
chopper  fiirther  cleans  the  gap  and  reduces  the  rise  and 
fall  time  of  the  mini-pulse  to  10ns.  The  main  design 
parameters  for  the  SNS  front-end  are  listed  in  Table  1. 
After  construction  and  initial  commissioning  at  LBNL  [3] 
the  front-end  systems  were  shipped  to  Oak  Ridge  in  the 
summer  of  2002,  installed  at  the  SNS  site  (Fig.  2)  and  re¬ 
commissioned.  In  spite  of  the  fact  the  required  beam 
parameters  were  achieved  during  commissioning  of  the 
front-end  at  Berkeley,  an  extensive  re-commissioning 
program  was  carried  out  to  prepare  the  front-end  for 


delivering  beam  to  the  linac  at  its  permanent  location.  A 
commissioning  period  of  two  months  was  allocated, 
limited  by  installation  activities.  As  a  result,  the  main 
commissioning  goals  were  achieved  at  a  reduced  duty 
factor  of  ~.1%  after  46  days  of  intense  work. 


Table  1.  Parameters  of  the  SNS  front-end  system 


Output  beam  energy 

2.5  MeV 

Peak  ciurent 

38mA 

Transverse  emittance  (norm.) 

<.3  TC  mm  mrad 

Longitudinal  emittance 

< .  15  MeV  degree 

Pulse  width 

1ms 

Repetition  rate 

60Hz 

Chopping  frequency 

IMHz 

Chopping  extinction  ratio 

<10"* 

Ion  Source 
And  LPT 


Figure  1 .  Schematic  view  of  the  SNS  front-end  systems 


Figure  2.  Front-end  systems  at  the  SNS  site 


SNS  is  managed  by  UT-Battelle,  LLC,  under  contract  DE-AC05-00OR22725  for  the  U.S.  Department  of  Energy.  SNS  is  a  partnership  of  six 
national  laboratories;  Argonne,  Brookhaven,  Jefferson,  Lawrence  Berkeley,  Los  Alamos  and  Oak  Ridge. 
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ION  SOURCE  AND  LEBT 
PERFORMANCE 

Details  of  the  ion  source  and  LEBT  design  can  be  found 
in  [4].  General  performance  of  the  ion  source  during 
commissioning  is  summarized  in  Fig.3,  where  operational 
current  is  shown  for  each  day  of  commissioning.  Since 
there  is  no  beam  diagnostics  in  the  ion  source  or  LEBT, 
the  beam  current  is  measured  in  the  MEBT  after  the  RFQ. 
A  maximum  current  of  SlmA  was  achieved  in  last  days  of 
commissioning,  significantly  exceeding  the  base  line 
requirement  of  38mA.  Continuous  24/7  operation  of  the 
ion  source  revealed  several  mechanical  weaknesses  in  the 
LEBT  design.  These  issues  together  with  the  remediation 
plan  are  described  in  [5]. 


Date 

Figure  3.  Beam  current  at  the  MEBT  exit  for  each 
commissioning  day 

RFQ  PERFORMANCE 

The  design  of  the  3.72-m  long  4-vane  RFQ  with  Jt- 
mode  stabilizers  is  described  in  detail  elsewhere  [6].  It 
operates  at  402.5MHz  and  accelerates  H-  beam  from 
65kV  to  2.5MeV. 

The  RFQ  was  conditioned  to  full  nominal  RF  gradient 
at  6%  duty  factor,  and  the  field  flatness  is  within  ±1% 
peak. 


Figure  4.  Beam  current  at  the  RFQ  exit  (1),  beam  current 
at  MEBT  exit  (2)  and  transverse  emittance  at  MEBT  exit 
(3)  vs.  RFQ  field.  The  correct  set  point  is  indicated  by  the 
arrow. 


The  only  tunable  parameter  for  RFQ  is  RF  power.  We 
used  measurements  of  the  RFQ  transmission  vs.  RF 
power  in  order  to  establish  the  nominal  set  point.  Since 
we  couldn’t  measure  the  beam  current  injected  into  the 
RFQ  from  the  LEBT,  the  absolute  value  of  the  RFQ 
transmission  couldn’t  be  calculated.  Instead  we  compared 
measured  data  with  PARMTEQ  simulations  and  derived 
the  set  point  and  actual  transmission  from  the  model.  The 
correct  choice  of  RF  power  set  point  was  later  confirmed 
by  transverse  emittance  measurement  at  the  MEBT  exit. 
The  transverse  emittance  reaches  a  minimnm  when  RF 
power  is  set  in  accordance  with  the  transmission  scan  as 
shown  in  Fig.  4. 


MEBT  PERFORMANCE 

The  MEBT  is  a  complex  beam  transport  line  [7]  shown 
schematically  in  Fig.  5.  It  matches  the  beam  from  the 
RFQ  through  the  MEBT  chopper  system  and  into  the 
drift-tube  linac.  Fourteen  quadrupole  magnets  and  four 
rebuncher  cavities  provide  transverse  and  longitudinal 
focusing.  The  MEBT  is  equipped  with  a  suite  of  beam 
diagnostics  including  two  beam  current  monitors  (BCM), 
six  beam  position  and  phase  monitors  (BPM)  installed 
within  quadrupole  magnets,  five  dual-  plane  wire  scanners 
(WS)  and  slit/collector-type  emittance  device  at  the 
MEBT  exit.  Detailed  description  of  the  diagnostics  is 
given  in  [2]. 


Figure  5.  MEBT  schematic  layout 


Transmission  through  the  MEBT 

The  beam  trajectory  had  to  be  corrected  using  dipole 
correctors  in  order  to  establish  optimal  transmission 
through  the  MEBT.  After  correction  beam  losses  in  the 
MEBT  are  below  the  measurement  accuracy  of  the  BCMs 
as  illustrated  by  Fig.  6.  In  this  picture  beam  current  pulse 
at  the  MEBT  exit  is  shown  on  top  of  the  beam  pulse  at  the 
MEBT  entrance.  The  only  visible  beam  losses  are  on  the 
trailing  edge  of  the  pulse  where  the  RF  field  in  the  RFQ 
decays  to  below  nominal  value  and  a  low  energy  tail 
develops  in  the  beam  energy  distribution.  Low  energy 
particles  are  able  to  reach  the  first  BCM  but  are  lost  in  the 
MEBT  before  reaching  the  second  BCM. 
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The  horizontal  emittance  scan  in  Fig.  8  clearly  shows  S- 
shape  distortion  caused  by  non-linear  space  charge  forces 
and  non-linear  transverse  focusing  in  the  rebuncher 
cavities.  Even  in  the  presence  of  the  emittance  growth  due 
to  non-linearity,  the  r.m.s.  emittance  values  satisfy  the 
requirements  in  a  wide  range  of  beam  currents  as 
illustrated  in  Fig.9,  where  output  r.m.s.  emittance  is 
plotted  vs.  beam  current.  Figure  10  shows  the  dependence 
of  the  r.m.s.  emittance  on  beam  current  within  one  pulse. 
Both  plots  demonstrate  the  weak  dependence  of  output 
emittance  upon  beam  current. 


Figure  6.  Snapshot  of  the  BCM  screen.  Beam  current 
pulse  at  MEBT  exit  (blue)  on  top  of  beam  current  pulse  at 
MEBT  entrance  (red),  for  a  75  psec  pulse. 

Transverse  emittance 

A  slit/collector  type  emittance  device  was  installed  at 
the  MEBT  exit  for  transverse  emittance  measurements.  It 
allowed  measurements  in  one  plane  (vertical  or 
horizontal).  In  order  to  switch  to  another  plane  vacuum 
had  to  be  broken  and  the  device  physically  rotated, 
therefore  no  simultaneous  measurements  in  both 
directions  were  obtained.  Typical  emittance  scan  plots  are 
shown  in  Figs.  7,  8. 


Figure  7.  Vertical  emittance  scan.  The  normalized 
emittance  e  =  .3  Jt  mm-mrad  at  I  =  38mA. 


Figure  8.  Horizontal  emittance  scan.  The  normalized 
emittance  e  =  .24  n  mm-mrad  at  I  =  32mA. 


Figure  9.  Transverse  r.m.s.  emittance  vs.  beam  ctirrent. 


Figure  10.  Transverse  r.m.s.  emittance  (upper  trace)  and 
peak  beam  current  (lower  trace)  vs.  time  within  one  beam 
pulse. 

Transverse  beam  envelope 

The  transverse  beam  dynamics  were  compared  with 
model  predictions  as  illustrated  in  Fig.  10,  where  the  r.m.s 
beam  size  measured  using  wire  scanners  is  compared  with 
PARMILA  simulations.  Measured  profiles  agree  with 
simulations  within  5%,  limited  by  the  accuracy  of  the 
wire  scaimers. 
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calculated  using  PARMILA  simulation  and  beam  size 
measured  with  wire  scanners  (dots) 


extinction  ratio  upon  LEBT  chopper  voltage  is  shown  in 
Fig.  13. 


clWBpIng  voftage 


CHOPPING 

The  1ms  long  H-  macro-pulses  have  to  be  chopped  at 
the  revolution  frequency  of  the  accumulator  ring  into 
mini-pulses  of  645ns  duration  with  300ns  gaps.  Beam 
chopping  is  performed  by  two  separate  chopper  systems 
located  in  the  LEBT  and  MEBT,  respectively.  The  LEBT 
chopper  removes  most  of  the  beam  charge  during  the 
mini-pulse  gaps,  and  the  MEBT  chopper  fiirther  cleans 
the  gap  and  reduces  rise  and  fall  time  of  the  mini-pulse  to 
10ns. 


LEBT  chopper 

The  last  lens  in  the  LEBT  is  split  into  four  quadrants  to 
allow  for  electrostatic  chopping  using  the  RFQ  entrance 
flange  as  a  chopper  target.  The  lens  segments  are  pulsed 
with  bipolar  signals  up  to  ±3kV  supplied  by  commercial 
solid  state  active  switches.  Chopped  beam  pattern 
measured  at  the  MEBT  beam  dump  is  shown  in  Fig.  12. 


Figure  12.  Oscilloscope  snapshot  of  the  beam  current 
modulated  by  the  LEBT  chopper  (meander  trace). 

The  measured  beam  extinction  ratio  after  the  LEBT 
chopper  is  below  the  design  specification  of  1%  at  the 
nominal  chopper  voltage  of  3kV.  The  dependence  of  the 


Figure  13.  Beam  extinction  ratio  after  the  LEBT  chopper 
vs.  chopper  voltage 

MEBT  chopper 

The  LEBT  chopper  system  is  complemented  by  a 
traveling-wave  chopper  in  the  MEBT  that  provides  faster 
rise  and  fall  times  to  10ns  and  further  attenuates  the  beam 
in  the  gap  to  a  level  of  10-4  [7].  We  were  unable  to  test 
the  MEBT  chopper  with  beam  due  to  a  failure  of  the 
commercial  high  voltage  switches  feeding  the  chopper 
deflector.  Nevertheless,  a  laser  based  system  capable  of 
measuring  rise/fall  time  with  5ns  resolution  and  beam 
extinction  ratio  with  10-4  resolution  was  installed  and 
tested.  Details  can  be  found  in  [8]. 

LONGITUDINAL  MEASUREMENTS 

There  are  no  baseline  diagnostics  for  direct 
measurements  of  longitudinal  parameters  of  the  beam 
within  a  micro-bunch.  The  only  measurements  of  micro¬ 
pulse  temporal  profile  could  be  carried  out  2m 
downstream  of  the  MEBT  using  an  experimental  wide 
bandwidth  Faraday  cup  [2].  With  nominal  settings  of  the 
rebuncher  cavities  in  the  MEBT,  the  beam  would  be 
completely  debunched  after  2m  drift,  therefore 
longitudinal  focusing  was  retuned  to  achieve  a  minimum 
micro-bunch  length  at  the  Faraday  cup.  The  measured 
temporal  profile  is  shown  in  Fig.  14. 


Figure  14.  Oscilloscope  snapshot  of  a  temporal  micro¬ 
bunch  profile. 
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An  upper  limit  for  longitudinal  emittance  can  be 
obtained  from  the  minimum  micro-bunch  length  using  the 
following  estimation; 

^  d  ‘  D 
^  ~  L  ’ 

where  d  is  bunch  length  at  the  waist,  D  is  the  bunch 
length  at  the  focusing  element,  L  is  the  distance  from  the 
focusing  element  to  the  waist.  The  bunch  length  D  in 
the  last  rebuncher  cavity  is  unknown,  but  as  the  bunch  has 
to  be  in  the  linear  part  of  the  bunching  field,  we  can  use 

an  estimate  oi  D  <  ,  where  X  is  wavelength  of  the 

bunching  RF.  This  rough  estimate  gives  an  upper  limit  of 
.25  MeV-degree  for  the  longitudinal  emittance  at  the 
MEBT  exit,  which  is  twice  larger  than  the  design  value. 
More  precise  measurements  will  be  done  after  the  DTL 
linac  where  longitudinal  diagnostics  are  available. 

HIGH  POWER  BEAM  TEST 

The  final  commissioning  task  was  to  reach  the  nominal 
beam  duty  factor  of  6%,  which  corresponds  to  a  1ms 
pulse  width  at  60Hz.  Pulse  width  of  1ms  at  the  MEBT 
exit  is  shown  in  Fig.  15.  At  lOHz  repetition  rate,  the  high 
voltage  converter  modulator  failed  and  due  to  along  repair 
time,  the  high  power  test  was  terminated.  It  should  be 
noted  that  full  power  operation  was  demonstrated  during 
initial  commissioning  at  Berkeley. 


Figure  15.  Oscilloscope  snapshot  of  1ms  pulse  width  at 
the  MEBT  beam  stop. 


CONCLUSION 

The  FES  was  shipped  to  Oak  Ridge  and  installed 
at  the  SNS  site  in  the  summer  of  2002.  Extensive  re¬ 
commissioning  at  ORNL  was  performed  in  a  two-month 
period  ending  January  31,  2003.  A  number  of  technical 
systems  were  new  to  the  ORNL  FES  installation,  namely 
the  high-power  RF,  low-level  RF  and  controls  systems, 
and  therefore  were  commissioned  for  the  first  time  at 
ORNL.  The  Front-end  re-commissioning  was  an 
important  milestone  for  the  SNS  project  as  it 
demonstrates  the  first  accelerated  beam  on  the  SNS  site 


and  also  marks  the  beginning  of  the  2  V2  year  phased 
commissioning  program  of  the  accelerator  systems. 

The  primary  beam  parameter  goals  of  peak 
current  and  transverse  emittance  were  both  achieved.  The 
maximum  beam  current  achieved  at  the  MEBT  output 
was  51  mA  ,  far  exceeding  the  design  specification  of  38 
ntiA.  Transverse  normalized  emittances  at  the  MEBT 
ou^ut,  measured  in  a  variety  of  beam  conditions,  were 
less  than  the  baseline  specification  of  0.3  n  mm-mrad. 
The  design  extinction  ratio  of  the  LEBT  chopper  of  1% 
was  demonstrated,  as  shown  in  Fig.  4.  The  MEBT 
chopper  system,  designed  to  achieve  an  extinction  ratio  of 
10  ,  was  not  tested  due  to  hardware  difficulties. 

The  main  beam  parameter  goals  were  achieved  at 
reduced  duty  factor,  typically  0.05-0.1%,  limited 
administratively  by  hardware  concerns.  A  maximum  duty 
factor  of  0.5%  was  achieved  with  fiill  1  msec  pulse  length 
but  reduced  repetition  rate.  The  nominal  6%  repetition 
rate  was  achieved  during  the  FES  commissioning  at 
LBNL. 

In  addition,  two  novel  diagnostic  systems  were 
successfully  tested.  A  laser-based  diagnostic  capable  of 
performing  both  transverse  profile  measurements  and 
Beam-In-Gap  measurements  was  successfully  deployed 
and  tested.  A  dynamic  range  of  lO"*  in  beam  intensity  was 
measured.  Additionally,  a  prototype  Fast  Faraday  Cup 
was  tested  and  used  to  measure  a  bunch  length  of  140 
psec  at  the  MEBT  output. 

Following  the  completion  of  Front-End 
commissioning,  two  of  the  six  Drift  Tube  Linac  tanks  will 
be  installed  in  spring  2003,  with  commissioning  studies  of 
the  Front-End  and  the  first  DTL  tank  beginning  in  the 
summer  of  2003. 
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Abstract 

In  Heavy-Fusion  and  in  other  applications,  there  is  a 
need  for  high  brightness  sources  with  both  high  current 
and  low  emittance.  The  traditional  design  with  a  single 
monolithic  source,  while  very  successful,  has  significant 
constraints  on  it  when  going  to  higher  currents.  With  the 
Child-Langmuir  current-density  limit,  geometric 
aberration  limits,  and  voltage  breakdown  limits,  the  area 
of  the  source  becomes  a  high  power  of  the  current, 
A~I*8/3.  We  are  examining  a  multi-beamlet  source, 
avoiding  the  constraints  by  having  many  beamlets  each 
with  low  current  and  small  area.  The  beamlets  are  created 
and  initially  accelerated  separately  and  then  merged  to 
form  a  single  beam.  This  design  offers  a  number  of 
potential  advantages  over  a  monolithic  source,  such  as  a 
smaller  transverse  footprint,  more  control  over  the 
shaping  and  aiming  of  the  beam,  and  more  flexibility  in 
the  choice  of  ion  sources.  A  potential  drawback,  however, 
is  the  emittance  that  results  from  the  merging  of  the 
beamlets.  We  have  designed  injectors  using  simulation 
that  have  aceeptably  low  emittance  and  are  beginning  to 
examine  them  experimentally. 

MULTIBEAMLET  INJECTOR 

A  requirement  of  heavy  ion  fusion  (HIF)  is  a  source  the 
produces  a  beam  with  high  brightness  —  having  both 
high  current  and  low  emittance.  Traditionally  in  the  HIF 
program,  the  sources  that  have  been  used  are  monolithic, 
solid,  hot  plate  sources.  While  these  have  performed  quite 
successfully  over  the  years,  they  do  have  limitations. 
They  have  poor  scaling  when  going  to  higher  currents  and 
have  limited  lifetimes  before  the  ions  are  depleted.  Going 
to  multiple  beamlets  circumvents  the  scaling  problem  at 
high  current  and  allows  use  of  a  plasma  source  which 
does  not  have  the  problem  of  ion  depletion.  The 
multibeamlet  injector  concept  has  been  extensively 
studied,  with  a  focus  on  understanding  and  minimizing 
the  emittance  growthjl].  As  part  of  that  work,  a  procedure 
for  designing  a  multibeamlet  injector  was  laid  out  and 
several  examples  given.  In  this  paper,  that  work  is 
extended,  using  an  improved  layout  of  the  beamlets  and 
further  examining  some  details. 

HIGH  CURRENT  SCALING 

When  going  to  higher  currents,  the  single  beam 
injectors  do  not  scale  well.  Taking  into  eonsideration  the 
space-charge  limited  current  density  given  by  the  Child- 
Langmuir  relation,  voltage  breakdown  limits,  and  limits 

♦This  work  performed  under  the  auspices  of  the  U.S  Department  of 
Energy  by  University  of  California,  Lawrence  Livermore  and  Lawrence 
Beikeley  National  Laboratories  under  contracts  No.  W-7405-Eng-48  and 
DE-AC03-76SF00098. 


on  the  geometry  to  minimize  aberrations,  the  source 
radius  varies  as  a  high  power  of  the  current  and  the 
current  density  varies  inversely  with  the  current[l].  The 
poor  scaling  can  be  circumvented  by  using  multiple 
beamlets  —  each  beamlet  has  a  low  current  and  avoids 
the  poor  scaling.  Fixing  the  total  area  of  the  source  (the 
sum  of  the  area  of  the  beamlets),  the  current  density 
becomes  proportional  to  the  total  current.  The  inherent 
emittance  of  an  injected  beam  from  the  temperature  of  the 
emitter  varies  as  the  square  root  of  the  product  of  the 
temperature  and  the  beam  area.  Since  the  total  area  of  the 
beamlet  source  can  be  much  smaller  than  the  area  of  a 
single  source,  the  temperature  of  the  emitter  can  be  higher 
for  a  multibeamlet  injector.  This  allows  use  of  plasma 
type  sources,  which  have  higher  operating  temperatures 
than  solid  sources. 

INJECTOR  DESIGN 

The  design  of  the  injector  consists  of  a  pre-accelerator 
column  where  the  beamlets  are  accelerated  independently, 
followed  by  a  merging  region  where  the  beamlets  are 
merged  and  further  accelerated.  The  pre-accelerator 
column  consists  of  a  diode  followed  by  a  series  of 
apertures  plates.  .The  plates  act  both  to  accelerate  the 
beamlets  with  a  net  voltage  drop  along  the  column,  and  to 
focus  it  transversely  via  a  series  Einzel  lenses.  The  plates 
also  isolate  the  beamlets  from  each  other,  shielding  them 
from  the  space-charge  fields  of  their  neighbors. 

When  the  beamlets  leave  the  last  plate,  they  begin  to 
interact  and  merge.  A  conservation  of  energy  argument 
can  be  made,  which  leads  to  the  conversion  to  emittance 
of  the  "extra"  space-charge  energy  of  the  beamlet 
configuration,  as  compared  to  a  uniform  beam.  This  gives 
the  result  that  the  higher  the  energy  at  which  the  beamlets 
are  merged,  the  lower  the  emittance.  This  must  be 
balanced  however  with  other  limits,  such  as  the 
decreasing  focusing  strength  of  the  Einzel  lenses  at  higher 
energies.  In  the  merging  region,  further  acceleration  of 
the  beam  can  be  done  to  bring  it  up  to  the  required  energy 
for  the  transport  lattice. 

One  important  feature  of  the  multibeamlet  injector  is 
that  the  beamlets  can  be  aimed  so  that  the  merged  beamlet 
is  exactly  matched  to  the  transport  lattice  as  it  enters  it. 
This  removes  the  need  of  a  separate  matching  section. 
Flexibility  is  gained  by  allowing  the  first  quadrupole  of 
the  lattice  to  be  of  partial  length.  The  merged  beam  can 
then  be  matched  to  any  part  of  the  beam  envelope  in  the 
lattice. 

The  system  must  be  designed  as  a  whole.  The  two 
fundamental  parameters  are  the  number  of  beamlets  and 
the  energy  at  which  they  merge.  Given  constraints  on  the 
design,  such  as  material  strength  of  the  aperture  plates 
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(How  close  can  the  holes  be  to  each  other?)  and 
construction  errors,  and  the  desire  to  minimize  the 
emittance  of  the  merged  beam,  the  rest  of  the  design  falls 
into  place. 


APERTURE  PLATE  DESIGN 


The  shape  of  the  aperture  plates  is  critical  to  having  the 
beamlets  propagate  through  the  pre-accelerator  column  to 
the  merging  region.  It  is  desirable,  for  robustness,  to  the 
the  beamlets  propagate  in  a  straight  line  through  the 
column.  For  this  to  happen,  since  the  plates  supply  an 
accelerating  field,  the  path  of  the  beamlets  must  be 
normal  to  the  surface  of  the  plates.  The  convergence 
angles  of  the  individual  beamlets  is  set  to  increase  linearly 
relative  to  the  transverse  position.  This  is  to  match  the 
linear  variation  of  the  transverse  velocity  relative  to 
transverse  position  for  particles  propagating  in  an 
alternating  gradient  focusing  lattice. 

The  beamlets  are  aimed  to  match  into  the  elliptical 
beam  of  an  alternating  gradient  focusing  lattice. 
Therefore,  the  focal  points  in  the  two  transverse  planes 
are  not  the  same  —  the  focus  is  astigmatic.  The 
convergence  angles  of  the  beamlets,  x'  and  y\  can  be 
written 

x'-  xa'  I  a 
y'  =  yb  'lb 

where  x  and  y  are  the  transverse  location  of  the  beamlets 
at  some  z  longitudinal  location  where  the  size  and 
convergence  of  the  out  edge  of  the  beamlets  is  given  by  a, 
b,  a',  and  b'.  No  surface  has  been  found  which  exactly 
meets  these  requirement.  However,  an  approximate 
surface  can  be  constructed. 

Given  the  linear  variation  of  the  beamlet  convergence 
angle,  in  order  for  the  beamlet  path  to  be  normal  to  the 
surface,  the  intersection  of  the  surface  with  any  z-x  or  z-y 
plane  must  be  circular.  Furthermore,  the  circles  in  all  of 
the  z-x  planes  must  be  concentric  with  each  other,  and 
likewise  for  the  z-y  plane.  The  centers  of  the  circles  in  the 
z-x  and  z-y  planes  will  be  different.  This  leads  to  a  method 
of  construction  of  the  surface  whereby  the  intersection 
with  the  z-x  plane  at  y=0  is  fixed,  and  then  for  each  point 
in  that  circle,  a  circle  is  generated  in  the  z-y  plane  that  the 
point  lies  in.  Similarly  the  intersection  can  be  fixed  in  a  z- 
y  plane.  This  method  produces  surfaces  described  by  the 
following  equations,  depending  on  which  plane  the 
intersection  is  fixed. 


The  Za  and  z*  are  the  center  of  the  circles  in  the  x  and  y 
planes  respectively,  and  zo  is  the  location  of  the  surface 
where  it  intersects  the  axis,  x=y=0.  Neither  of  these 
surfaces  are  exactly  normal  to  the  beamlet  path.  However, 
given  the  design  parameters,  where  z^  and  z*  are  much 
greater  than  the  transverse  positions,  the  error  is  small. 
Given  a  transverse  size  of  the  order  of  5  cm  and  radii  of 


order  1  m,  the  error  (as  measured  by  the  differences  in  the 
two  surfaces)  is  of  the  order  of  several  microns,  less  than 
typical  machining  tolerances.  To  make  the  errors 
symmetric,  the  actual  surface  used  is  the  average  of  the 
two  surfaces. 

OPTIMAL  BEAMLET  ARRANGEMENT 

In  order  to  minimize  the  emittance  of  the  merged  beam, 
the  beamlets  must  be  packed  as  close  to  each  other  as 
possible.  Hexagonal  dense  pack  should  be  ideal.  In  the 
previous  study[l],  an  arrangement  similar  to  close  pack 
was  used,  where  the  beamlets  were  laid  out  on  ellipses 
instead  of  hexagons,  that  had  the  advantage  of  having  a 
smooth  edge.  It  was  thought  that  having  the  smooth  edge 
was  more  important  than  a  slightly  denser  pack.  It  has 
since  been  determined  that  a  dense  pack  is  optimal, 
producing  the  lowest  emittance,  even  with  a  more  ragged 
beam  edge.  The  beamlets  are  packed  with  uniform 
spacing  and  only  those  within  a  proscribed  ellipse  are 
used.  In  some  cases,  removing  beamlets  on  the  outermost 
comers  can  further  reduce  the  emittance.  See  Figure  1  for 
an  example  layout. 
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Figure  1:  Example  arrangement  of  beamlets  with 
hexagonal  packing  and  outermost  comers  removed. 

Another  issue  effecting  the  merged  emittance  is  the 
ellipticity  of  the  arrangement.  With  an  elliptical 
arrangement  of  beamlets,  the  emittances  of  the  merged 
beam  in  the  two  transverse  planes  are  significantly 
different.  The  emittance  in  the  plane  of  the  major  radius 
of  the  ellipse  is  greater.  After  propagating  some  distance 
,however,  the  emittances  equilibrate.  There  is  a  concern, 
though,  that  the  initially  different  emittances  could 
potentially  lead  to  halo  or  other  other  problems. 
Therefore,  a  circular  arrangement  of  beamlets  was 
adopted.  The  resulting  emittances  where  significantly  less 


Y(cm; 

0 


71 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


different,  though  still  not  the  same  since  the  convergence 
angles  of  the  beamlets  in  the  two  planes  still  differ.  In  this 
case,  the  length  of  the  first  quadmpole  of  the  lattice  was 
varied  in  order  to  get  an  exact  match.  Typically  the  length 
is  just  over  half  the  normal  length.  See  Figure  2  which 
shows  the  envelopes  for  an  example  case. 


Accelerating  gap 
from  0.8  to  1 .6  MeV 

◄ - ► 


Figure  2:  Envelopes  for  an  example  case,  starting  with  a 
round  arrangement  of  beamlets  for  the  merge. 

OPTIMIZED  DESIGNS 

Table  1:  Parameters  of  optimized  pre-accelerator  columns 


Beamlet 

Spacing 

(mm) 

#  Beamlets 

Merge 

Energy 

(MeV) 

Normalized 

Emittance 

(n-mm-mrad) 

6 

121 

1.2 

0.80 

0.8 

0.86 

199 

1.2 

0.70 

0.8 

0.76 

5 

121 

1.2 

0.60 

0.8 

0.62 

199 

1.2 

0.51 

0.8 

0.55 

Using  the  hexagonal  packing  and  an  overall  circular 
extent,  optimized  designs  were  created  for  differing 
number  of  beamlets,  and  values  of  merging  energy  and 
beamlet  separation.  Table  1  gives  the  resulting  emittances 
obtained.  An  approximately  20%  reduction  in  emittance 
was  found  by  switching  to  hexagonal  packing,  a  small  but 
not  insignificant  difference.  Going  to  a  more  tightly 


packed  arrangement  with  less  material  between  the 
apertures  could  potentially  lead  to  further  improves.  The 
caveats  though  are  that  the  plates  may  not  be  stable 
enough,  the  smaller  aperture  separation  leads  to  sharper 
comers  which  may  reduce  the  voltage  holding,  and  the 
plates  supply  less  shielding  so  the  beamlets  will  interact 
more  before  exiting  the  column. 

A  further  refinement  of  the  design  is  spreading  out 
evenly  the  pre-accelerator  column  plates.  This  should 
simplify  constraction  and  alignment.  This  leads  to 
somewhat  less  flexibility  in  optimizing  the  beamlet 
focusing  resulting  in  a  small  increase  in  emittance.  The 
increase  is  of  the  order  of  a  few  percent.  Figure  3  shows 
the  beamlet  envelope  in  the  pre-accelerator  column  for 
the  case  with  121  beamlets,  merging  at  0.8  MeV  and  with 
5  mm  between  beamlets. 


Figure  3:  The  beamlet  envelope  in  the  pre-accelerator 
column  for  the  optimized  case  with  121  beamlets, 
merging  at  0.8  MeV  and  with  5  mm  between  beamlets. 


CONCLUSIONS 

The  single  beam  sources  that  have  traditionally  been 
used  for  heavy-ion  fusion  experiments  and  driver  design 
have  proven  successful  but  have  limitations,  such  as  poor 
scaling  in  the  source  size  at  higher  currents.  To 
circumvent  the  poor  scaling,  many  small  beamlets  are 
used  and  are  merged.  Designs  of  merging  multi-beamlet 
injectors  have  been  done  that  meet  the  requirements  for 
example  transport  lattice,  including  a  low  emittance.  The 
next  step  is  experimental  validation,  which  is  in  progress. 

REFERENCES 

[1]  D.  P.  Grote,  Enrique  Henestroza,  and  Joe  W.  Kwan, 
Phys  Rev  ST  AB,  January  8, 2003. 


72 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


H  SURFACE  CONVERTER  SOURCE  DEVELOPMENT  AT  LOS  ALAMOS* 

Gary  Rouleau,  Edwin  Chacon-Golcher,  Ernest  Geros,  E.  G.  Jacobson,  B.  J.  Meyer, 
Benjamin  A.  Prichard,  Jr.,  Joseph  Sherman,  J.  E.  Stelzer,  and  Ralph  R.  Stevens,  Jr. 

Los  Alamos  National  Lab,  Los  Alamos,  NM87545 


Abstract 

Production  of  H"  ions  by  the  surface  conversion  process 
is  being  pursued  at  the  Los  Alamos  Neutron  Science 
Center  (LANSCE)  as  part  of  an  upgrade  project  to 
provide  higher  currents  and  enhanced  flexibility  for 
injecting  a  800  MeV  H'  beam  into  the  proton  storage  ring 
(PSR).  An  eventual  goal  of  40-mA  H'  current  at  80  keV 
beam  energy  with  0.13  Timm-mrad  (Irms  normalized) 
emittance  at  12%  duty  factor  (120  Hz,  1ms)  is  desired. 
To  attain  this  goal,  two  types  of  surface  converter  sources 
are  being  investigated  in  which  H'  ions  are  extracted 
either  radially  or  axially  through  a  line-cusp  magnetic 
field.  The  radial  source  produces  18  mA  H‘  in  a  28-day 
run  cycle  for  LANSCE  production  while  the  axial  source 
has  been  developed  to  the  desired  40  mA  current. 
However,  an  emittance  growth  of  factor  2-3  accompanied 
the  increased  axial  source  current.  The  axial  source 
development  program  includes  electron  suppression, 
increased  beam  current,  and  80-keV  beam  emittance 
measurements.  The  current  understanding  of  the 
emittance  growth  mechanism  will  be  discussed. 

INTRODUCTION 

The  LANSCE  upgrade  project’  goal  is  to  attain  200  pA 
average  current  at  a  spallation  neutron  source  target.  The 
PSR^  compresses  an  approximate  1ms  H'  source 
macropulse  to  250  ns.  PSR  beam  instabilities^  have  been 
observed  in  the  beam  compression  process.  Both  the 
higher  current  LANSCE  facility  request  and  PSR  tuning 
flexibility  would  benefit  from  a  higher  current  H'  source. 
For  these  reasons  a  higher  current  H'  surface  converter 
source  was  developed  for  LANSCE  in  collaboration  with 
the  Lawrence  Berkeley  National  Lab  (LBNL).  This 
collaboration  produced  a  six-filament  axial  source'*  which 
produced  the  required  40-mA  H'  current,  and  a  higher- 
perveance  accel  column.^  A  factor  2-3  emittance  growth, 
however,  was  discovered  while  testing  the  80-keV  axial 
source  at  LANSCE.*  The  surface  conversion  process  has 
been  used  at  LANSCE  to  provide  reliable  H'  beam 
operations  since  1985.’  The  present  LANSCE  production 
source  produces  18-mA  H",  at  12  %  duty  factor  (120  Hz, 
1ms),  80-keV  beam  energy,  and  28  day  lifetime. 

EXPERIMENTAL  RESULTS 

An  ion  source  test  stand  (ISTS),  which  has  the  same 
functionality  as  the  80-keV  LANSCE  production  injector, 
has  been  built  at  Los  Alamos.*  Measurements  reported 

♦Work  supported  by  NNSA/DP  through  the  U.S.  DOE  under  contract 
W-7405-ENG-36. 


here  on  the  axial  source  were  carried  out  on  the  ISTS. 
Figure  1  shows  a  PBGUNS”  scale  drawing  of  the 
prototype  axial  H'  source  electrodes  used  in  the  LANSCE 
testing.  The  primary  H' production  mechanism  is  the  - 


Z  (n) 


Fig.  1.  PBGUNS  trajectory  simulations  for  the  prototype 
axial  H'  source  used  in  these  measurements. 

formation  of  H'  ions  on  the  converter  surface  that  are  self- 
extracted  by  the  -250  to  -300V  converter  voltage.  The 
electron  suppressor,  composed  of  electric  and  magnetic 
fields,  is  located  in  the  repeller  electrode.  The  emission 
aperture  is  2.3  cm  downstream  from  the  repeller.  For 
results  reported  here  the  emission  apertoe  had  radii  =  Rem 
=  0.5  and  0.8cm.  Different  magnetic  field  configurations 
for  the  repeller,  including  line  cusp,  solenoid  ring,  and 
undulator  (opposing  dipole),  have  been  investigated  to 
optimize  the  80  keV  e/H-  ratios.  The  measured  e/H'  ratios 


R«peller  Voltage  (V) 

Fig.  2.  The  measured  e/H'  ratios  for  three  different 
repeller  magnet  configurations. 

are  shown  in  Fig.  2  as  a  function  of  the  repeller  electrode 
voltage.  These  measurements  were  made  for  an  H'  beam 
current,  L,  equal  to  33-mA  extracted  from  the  source  with 
Rem  =  0.8cm.  The  electron  to  H'  ratios  are  calculated  by 
the  formula  e/H'  =  (Img  -  Ib)/Ib  where  Img  equals  the  total 
pulsed  current  delivered  by  the  80-kV  regulator  circuit.’® 
At  repeller  voltage  of  -I-IO  V,  the  e/H'  =  1.1, 2.3,  and  4  for 
the  undulator,  ring  cusp,  and  line  cusp  magnets, 
respectively.  Many  measurements  were  made  on  the  e/H' 
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ratio  for  the  line  cusp,  and  the  two  points  for  the  line  eusp 
in  Fig.  2  are  representative  of  the  spread  for  different 
source  tunes.  There  is  a  clear  preference  for  the  undulator 
magnetic  field  for  electron  suppression. 

Figure  3  shows  the  measured  H"  current  as  a  function  of 
discharge  power,  P^,  for  the  source  equipped  with  R^n,  = 


Figure  3.  Measured  H'  current  as  a  function  of  the 
discharge  power.  =  0.8cm  in  these  measurements. 

0.8cm.  Pd  is  the  product  of  the  discharge  voltage  and 
current.  The  H'  current  is  measured  in  a  current 
transformer  after  the  beam  passes  through  a  low-energy 
beam  transport  solenoid  magnet,  thus  nearly  eliminating 
the  remaining  co-extracted  electron  current.  The 
discharge  voltage  varies  from  -140  to  -190V  in  these 
measurements.  The  H‘  current,  considering  the  data 
scatter,  has  a  weak  dependence  on  the  magnetic  filter 
arrangement  in  the  repeller  electrode.  The  40-mA  current 
level  is  reached  most  efficiently  (less  discharge  power)  in 
the  order  of  line  cusp,  undulator,  and  then  the  ring  cusp 
magnets.  Another  feature  seen  in  Fig.  3  is  an  approximate 
dependence  of  extracted  H'  current  on  the  square  root  of 
the  discharge  power.  For  comparison  to  the  data  an 
empirical  curve  showing  IbCmA)  =  10(VPd(kW))  is  shown. 

The  Ib  vs  Pd  data  for  the  axial  source  with  the  Rem  = 
0.5cm  emission  aperture  is  shown  in  Fig.  4.  Here  the 
fitted  triangle  and  open  circle  symbols  are  H'  currents 
measured  at  two  different  Hz  gas  flows  with  the  converter 


Figure  4.  Plot  of  the  measured  H'  currents  vs  discharge 
power  for  R^m  =  0.5cm. 


voltage  varying  between  -230  and  -270V.  The  undulator 
repeller  magnet  configuration  is  used  in  acquiring  the  Fig. 


4  data.  An  approximate  square  root  dependence  of  Ib  on 
Pd  is  again  observed.  The  empirical  square  root 
dependence  is  shown  by  the  equation  Ib(mA)  = 
3.47VPd(kW).  The  filled  square  and  open  diamond 
symbols  show  that  significant  H'  currents  are  extracted  for 
the  measured  Pd  when  the  external  converter  power 
supply  is  switched  off  This  result  is  suggestive  that 
production  mechanisms  other  than  surface  production  at 
the  converter  are  significant  in  the  axial  source  and 
apparently  increase  with  discharge  power. 

A  selection  of  emittance  measurements  for  the  80-keV 
beams  with  R^m  =  0.5  and  0.8cm  are  shown  in  Fig.  5. 
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Figure  5.  Summary  of  normalized  emittances  measured 
on  the  axial  surface  converter  H'  source. 

The  total  lab  emittance  was  extracted  fi-om  the  phase- 
space  scans  with  the  area  calculated  for  98%  of  the  beam, 
etot(98%).  These  total  lab  emittances  are  then  converted 
in  low  ion  energy  limit  to  Irms  normalized  (einds,n)  by  the 
equation  Einns.n  =  P*etot(98%)/7,  where  P  is  the  relativistic 
velocity  factor  for  80-keV  H'  ions  and  the  factor  7  is 
applied  to  convert  the  98%  beam  fraction  to  Irms  beam 
fraction.  On  this  Icnns.n  emittance  scale,  the  present 
LANSCE  accelerator  emittance  request  is  in  the  range  of 
0.13  -  0.15  (Tmun-mrad).  Measurements  made  by 
LANSCE  operations  team"  confirm  that  the  750  keV 
transport  would  have  to  be  rebuilt  to  accommodate  the 
larger  emittances  associated  with  the  Re„  =  0.5cm  and 
0.8cm  apertures  reported  in  Fig.  5. 

DISCUSSION 

■me  admittance  limit  for  the  Re^  =  0.5cm  and  0.8cm 
emission  apertures  are  calculated  to  be  0.10  and  0.14 
(Trmm-mrad)  (lEnns.n)-  These  admittances  are  calculated  on 
the  basis  of  uniform  H"  beam  illumination‘s  of  the  repeller 
and  emission  apertures  fi-om  the  converter  surface  at 
converter  voltages  (typically  -250  to  -300V).  Such  a 
diagram,  constructed  at  the  emission  aperture,  is  shown  in 
Fig.  6  for  the  axial  source  geometry  shown  in  Fig.  2 
where  R^n,  =  0.5cm.  The  discrete  points  contained  within 
the  admittance  diagram  are  phase-space  predictions 
derived  fiom  the  PBGUNS  code.®  These  admittances  are  a 
reasonable  expectation  of  the  beam  emittance,  and  is 
found  to  be  true  (cf  measured  emittances  at  low  beam 
currents  reported  in  Fig.  5).  A  proposed  interpretation  for 
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the  emittance  growth  observed  between  the  admittance 
limits  and  the  higher-current  emittances  observed  in  Fig.  5 
is  that  two  beams  corresponding  to  directed  H'  ion 
energies  characteristic  of  converter  (aSOOeV)  and  plasma 
sheath  (al2eV)  energies  appear  simultaneously  at  the 
plasma  meniscus.  Such  a  mixed  species  beam  has 
previously  been  observed  in  magnetron  H"  sources'^ 
which  have  similar  geometric  construction  to  the  present 
IT  surface  converter  source. 


R  (mm) 

Fig.  6.  Admittance  diagram  for  the  surface  converter 
source  geometry  shown  in  Fig.  2. 

Further  evidence  for  a  mixed  species  beam  is  shown  in 
Fig.  4  where  significant  H'  currents  are  observed  with  the 
converter  voltage  turned  off.  A  PBGUNS  model  was 
made  for  extraction  of  mixed  species  beam  from  a 
plasma.  The  lSnt,s,n  emittance  results  are  shown  in  the 
ordinate  of  Fig.  7.  The  abscissa  contains  the  percent  of 
12eV  species  compared  to  300eV  species.  The  prediction 


Fig.  7.  PBGUNS  model  for  emittance  predictions  of 
extraction  of  mixed-energy  H"  from  a  plasma  source. 

at  the  limit  of  pure  surface  converter  (left)  is  in  agreement 
with  admittance  expectations.  However,  predictions  are 
that  admixture  of  10%  of  a  12eV  component  give  a  rapid 
rise  in  predicted  emittance.  The  mechanism  for  emittance 
growth  proposed  here  is  one  of  mismatch''',  not  of 
increased  H'  ion  temperature.  Figure  7  shows  predictions 
for  the  three  ion  temperatures  of  0.0,  0.5,  and  1.0  eV  in  a 
Maxwellian  model,  and  their  influence  on  the  predicted 


emittance  is  small  compared  to  the  mismatch  mechanism. 
The  emittance  growth  model  predictions  are  in  the  2  -  2.5 
range,  about  the  same  as  the  measured  emittance  growths 
shown  in  Fig.  5.  Thus,  a  reasonable  physical  picture  for 
the  experimentally  observed  emittance  growths  is  the 
simultaneous  extraction  of  250  to  300  eV  surface 
converter  produced  and  order  12  eV  volume  or  anode 
produced  ions.  The  results  from  Fig.  4  show  evidence 
that  a  two-component  beam  increases  as  discharge  power 
increases,  just  as  emittance  (Fig.  5)  increases  with  beam 
current,  or  equivalently  Pj. 
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There  are  a  growing  number  of  applications  for  CW 
electron  accelerators,  many  requiring  high  average  current 
and  small  transverse  and  longitudinal  emittances.  Very 
high  voltage  DC  electron  guns  with  photoemission 
cathodes  are  a  natural  choice  for  generating  the  beams  for 
these  machines.  High  average  current  applications  require 
high  quantum  efficiency  photocathodes  at  practical 
wavelengths.  The  necessary  lasers  are  state-of-the-art 
systems  that  must  be  considered  in  choosing  a 
photocathode.  Field  emission  from  the  electrode 
structures  limits  the  operating  voltage  and  cathode  field 
gradient  in  these  guns.  The  photocathode  operational 
lifetime  is  limited  by  the  gun  vacuum  and  by  ion  back 
bombardment.  Recent  developments  in  areas  as  diverse 
as  vacuum  technology,  CW  lasers  with  RF  time  structure, 
and  the  reduction  of  field  emission  from  large  area 
electrodes  show  promise  for  the  development  of  a  new 
generation  of  DC  photoemission  electron  guns,  operating 
at  very  high  voltage  and  cathode  field  strengths  well 
above  those  obtainable  in  the  past.  These  developments, 
and  various  designs  for  very  high  voltage  photoemission 
electron  guns,  will  be  reviewed. 

INTRODUCTION 

The  successful  demonstration  of  beam  energy  recovery 
at  the  Jefferson  Laboratory  IRFEL  [1],  coupled  with  the 
excellent  performance  of  superconducting  RF  cavities  at 
high  accelerating  gradient  [2],  has  led  to  a  number  of 
ideas  and  proposals  for  CW  electron  accelerators  for 
electron  cooling  [3],  the  production  of  synchrotron 
radiation  [4],  and  linac-ring  versions  of  a  future  electron- 
ion  collider  [5].  These  machines  all  require  high  average 
current  CW  electron  sources,  frequently  with  demanding 
specifications  on  transverse  and  longitudinal  emittances. 

DC  electron  guns  with  photoemission  cathodes  are  a 
natural  choice  for  such  applications.  While  RF  guns 
operating  at  very  high  accelerating  gradients  are  the 
current  choice  for  delivering  high  charge  electron  bunches 
at  low  duty  factor,  their  maximum  accelerating  gradient  in 
CW  operation  is  significantly  lower  [6].  Recent 
developments  in  the  reduction  of  field  emission  from 
large  area  electrodes  offer  the  possibility  of  operating  DC 
guns  with  cathode  field  gradients  comparable  to  those 
practical  in  CW  RF  guns  [7]. 

High  average  current  operation  requires  high  quantum 
efficiency  photocathodes,  which  are  notoriously  sensitive 
to  the  vacuum  environment.  Compared  with  RF  guns,  DC 
guns  offer  distinct  advantages  for  the  production  of 
excellent  vacuum.  In  DC  guns,  there  are  few  restrictions 
on  vacuum  chamber  geometry  or  the  location  and  size  of 
ports,  and  many  choices  for  wall  materials.  They  operate 
at  ambient  temperature  without  cooling. 

*Work  supported  by  Cornell  University  ~ 

#cks26(S)  Cornell. Kdii 


Electron-optically,  they  have  no  time  varying  fields,  and 
easily  incorporate  transverse  focusing  at  the  cathode. 

To  date,  DC  photoemission  guns  have  employed  GaAs 
photocathodes,  and  are  used  primarily  for  the  production 
of  low  average  currents  of  polarized  electrons.  Operating 
voltages  have  been  modest,  typically  about  100  kV.  The 
Jefferson  Lab  IRFEL  gun  is  a  significant  exception  to 
these  statements.  This  gun  has  operated  at  ~  320  kV, 
delivering  5  mA  of  average  current  at  bunch  repetition 
rates  of  -  75  MHz  [8].  It  is  presently  being  upgraded  to 
operate  at  500  kV  and  10  mA  average  current. 

High  average  current,  high  brightness  CW  electron 
injectors  will  require  significant  R&D  before  they  are 
realized.  The  technology  choice  between  high  voltage 
DC  photoemission  guns,  normal  conducting  RF  guns,  and 
superconducting  RF  guns  is  a  matter  of  current  debate.  In 
the  sections  below,  we  present  information  on  the  current 
issues  and  state-of-the-art  with  DC  guns,  and  indicate 
where  future  improvements  might  lead. 

FIELD  EMISSION 

Field  emission  is  the  principal  effect  limiting  the 
operating  voltage  and  electrode  field  strength  in  DC 
electron  guns.  It  is  the  source  of  undesirable  phenomena, 
such  as  charging  of  ceramic  insulators,  localized  melting 
in  areas  struck  by  field  emitted  electrons,  and  vacuum 
degradation  from  both  heating  and  electron  stimulated 
desorption  (ESD).  These  problems  can  lead  to  voltage 
breakdown  of  the  cathode-anode  gap,  electrode  surface 
damage,  and  punch  through  of  the  ceramic  insulator. 

In  a  gun  with  a  Pierce  electrode  to  provide  focusing,  the 
peak  field  on  the  electrode  is  two  to  three  times  higher 
than  the  field  on  the  cathode.  Electrodes  are  generally 
made  from  stainless  steel.  At  field  strengths  approaching 
10  MV/m  field  emission  currents  typically  become 
unacceptable,  and  conservative  gun  designs  limit 
electrode  fields  to  values  below  this  level.  The  strong 
dependence  of  field  emission  on  field  strength  means  that 
one  does  not  have  to  reduce  the  field  too  greatly. 

Many  researchers  have  empirically  explored  field 
emission  and  its  reduction  by  various  surface  treatments. 
These  studies  have  usually  been  made  on  small  area 
samples  with  small  gaps  over  relatively  short  periods  of 
time,  making  it  difficult  to  apply  a  “good”  experimental 
result  to  the  real  conditions  in  a  high  voltage  gun.  A  test 
chamber  was  constructed  at  Jefferson  Lab  to  study  large 
area  electrodes  with  moderate  gaps.  The  electrodes  had  a 
uniform  field  area  of  116  cml  Voltages  to  125  kV  were 
applied  to  several  mm  gaps  during  eight  hour  tests.  We 
demonstrated  a  dramatic  reduction  in  field  emission  from 
samples  coated  with  ~  500  nm  of  silicon  dioxide.  Two 
samples  showed  field  emission  below  1.5  pA/cm^  at  30 
MV/m,  and  undetectable  emission  below  22  MV/m  [7]. 
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CERAMIC  INSULATORS  FOR  fflGH 
VOLTAGE  HOLDOFF 

A  ceramic  insulator  Isolates  the  high  voltage  applied  to 
the  cathode  electrode  and  its  support  structure.  Field 
emission  originating  at  the  ceramic-metal-vacuum  triple 
junction  is  a  well-understood  cause  of  internal  surface 
flashover,  and  is  controlled  by  reducing  the  field  on  the 
junction  with  electrostatic  shields.  The  external  ceramic 
surface  is  usually  fluted  to  inhibit  flashover. 

Charging  caused  by  small  field  emission  currents  is  a 
serious  problem  due  to  the  exceptionally  high  ceramic 
bulk  resistivity.  Various  ways  of  overcoming  this 
problem  have  been  developed.  An  insulator  comprised  of 
a  series  of  ceramic  rings  separated  by  appropriately 
shaped  metal  electrodes  can  prevent  field-emitted 
electrons  from  striking  the  ceramic.  The  electrodes  are 
joined  with  external  resistors  to  grade  the  potential 
uniformly  [9].  Coatings  with  suitable  sheet  resistance 
have  been  used.  More  recently,  ion  implantation  has  been 
shown  to  produce  a  stable  uniform  sheet  resistance  on  the 
surface  of  a  ceramic  [10].  While  difficult  to  adapt  to  a 
large  ceramic,  this  is  an  otherwise  attractive  solution.  A 
sheet  resistance  of  50  to  100  Gohm/square  is  appropriate. 
The  ideal  solution  may  be  to  develop  a  ceramic  with  a 
stable  homogeneous  bulk  resistivity  of  about  70  Gohm- 
cm.  The  temperature  dependence  of  these  high 
resistivities  must  not  allow  thermal  runaway.  Finally,  the 
“inverted”  gun  design,  described  below,  avoids  the 
problem  of  field-emitted  electrons  striking  the  ceramic. 

PHOTOCATHODE  CHOICES 

For  any  laser  illuminated  linear  photoemitter,  the 
photocurrent  is  given  in  terms  of  the  laser  wavelength  and 
power  and  the  cathode  quantum  efficiency  by: 

KmA)  =  (W)  •  Q.E.{%) 

This  expression  gives  the  minimum  product  of  laser 
power  and  quantum  efficiency  to  produce  the  current, 
since  it  assumes  every  electron  and  laser  photon  is  used. 
If,  for  example,  photons  are  lost  in  shaping  the  laser  beam 
temporally  or  spatially,  a  higher  raw  laser  power  is 
required. 

There  are  three  families  of  practical  high  quantum 
efficiency  photoemitters.  These  are  alkali  antimonides, 
alkali  tellurides,  and  III-V  semiconductors.  All  are  p-type 
semiconductors.  The  first  two  have  positive  electron 
affinity  (PEA),  while  the  ni-V  semiconductors  have 
negative  electron  affinity  (NEA).  In  the  PEA  case,  the 
bottom  of  the  conduction  band  in  the  bulk  material  lies 
below  the  vacuum  level  outside  the  cathode,  while  in  the 
NEA  case,  the  conduction  band  minimum  lies  above  the 
external  vacuum  level.  This  difference  has  important 
consequences  for  the  cathode  thermal  emittance.  Table  1 
gives  the  operating  parameters  of  typical  photocathodes 
from  each  of  the  three  high  quantum  efficiency  families. 

Photoemission  from  these  cathodes  is  described  by  the 
“three  step”  model.  These  steps  are  (a)  photon  absorption 


Table  1.  Typical  Cathode  Operating  Characteristics 


Typical 

Cathode 

Operating 

Wavelength 

(nm) 

P  X  Q.E.  to 
produce  a  1  A 
current  (Watt-%) 

KaCsSb 

527 

235 

KCsTe 

266 

466 

GaAs  (Cs,F) 

780 

159 

in  the  bulk  cathode  material;  (b)  electron  diffusion  to  the 
cathode  surface;  and  (c)  electron  emission  through  the 
surface  potential  barrier.  Since  the  semiconductors  are  p- 
type,  their  conduction  band  is  empty.  The  incident  light  is 
absorbed  by  valence  band  electrons,  which  are  promoted 
to  the  conduction  band.  Electrons  in  the  conduction  band 
experience  electron-phonon  collisions,  in  which  they  lose 
energy  and  change  direction  as  they  diffuse  toward  the 
cathode  surface.  This  energy  loss  continues  until  the 
electron  reaches  the  conduction  band  minimum,  where  it 
remains  until  it  is  either  emitted  or  recombines. 

In  a  PEA  cathode,  electrons  at  the  conduction  band 
minimum  are  energetically  prevented  fi'om  being  emitted, 
unlike  in  the  NEA  case.  Electrons  excited  to  the 
conduction  band  in  NEA  materials  are  likely  to  thermalize 
at  the  band  minimum  before  they  are  emitted  if  the 
exciting  photon  energy  is  not  too  great.  The  emitted 
electrons  thus  originate  from  a  population  with  an 
effective  temperature  close  to  the  physical  temperature  of 
the  cathode,  resulting  in  a  very  low  thermal  emittance. 
This  is  in  direct  contrast  to  PEA  emitters.  Several 
emittance  measurements  of  the  beams  fi’om  NEA  GaAs 
photoemitters  have  confirmed  the  low  thermal  emittance, 
down  to  temperatures  of  77  K  [1 1]. 

Optical  absorption  in  the  antimonides  and  tellurides  is 
very  much  greater  than  in  the  HI-V  materials,  leading 
them  to  have  a  much  faster  temporal  response,  since  the 
electrons  have  a  much  shorter  distance  to  diffuse  to  reach 
the  cathode  surface.  III-V  photocathodes  can  support 
electron  pulses  no  shorter  than  about  20  -  40  ps,  while  the 
antimonide  and  telluride  cathodes  support  ps  or  shorter 
duration  pulses. 

LASER  SYSTEMS 

Lasers  with  RF  time  structure  are  required  to  produce  a 
beam  bunched  at  the  photocathode,  for  subsequent 
acceleration  in  an  RF  linac.  The  time  structure  is 
generally  produced  in  an  actively  mode-locked  laser.  At 
high  repetition  rates,  the  laser  cavity  length  becomes 
impractically  short,  and  in  this  case  harmonic  mode¬ 
locking  may  be  used  [12]. 

A  convenient  method  of  harmonic  mode-locking  was 
demonstrated  at  Jefferson  Lab.  Light  from  an  RF  gain- 
switched  diode  laser  was  injected  into  a  Ti: sapphire  laser 
cavity.  The  RF  was  derived  from  the  accelerator  master 
oscillator.  This  scheme  has  produced  >2  W  average 
power  pulse  trains  stably  locked  to  the  accelerator  RF  at 
rates  between  ~200  MHz  and  3  GHz  [13].  The 
fundamental  wavelength  of  Ti:sapphire  lasers  is  well 
matched  to  GaAs  photocathodes.  Ti:sapphire  lasers 
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operating  at  much  higher  power  levels  have  been 
developed,  and  a  version  of  this  system  operating  at  ~  10 
W  appears  feasible  [14], 

Alkali  antimonide  and  telluride  photocathodes  require 
shorter  wavelength  illumination,  presently  provided  by 
frequency  doubling  or  quadrupling  Nd:YAG  or  Nd:YLF 
lasers,  or  frequency  doubling  or  tripling  Ti:sapphire 
lasers.  Quantum  efficiencies  of  10%  or  greater  have  been 
prepared  on  cathodes  of  each  type  in  Table  1,  implying 
that  average  optical  powers  of  ~  2-5  W  are  necessary  to 
generate  100  mA  average  current.  In  practice,  one  needs 
optical  power  well  above  this  minimum,  to  accommodate 
degradation  of  the  quantum  efficiency  with  beam 
delivery.  This  laser  power  requirement  is  far  more 
challenging  at  shorter  wavelengths,  when  the 
inefficiencies  of  frequency  multiplication  are  included. 
The  use  of  alkali  telluride  photocathodes  at  high  average 
current  appears  particularly  daunting  in  this  regard. 

PHOTOCATHODE  LIFETIME  AND 
VACUUM  ISSUES 

Nothing  happens  during  photoemission  that  degrades 
the  quantum  efficiency  of  a  photocathode.  However,  all 
high  quantum  yield  photocathodes  are  chemically 
reactive,  and  are  degraded  by  chemically  active  gas 
species  in  the  vacuum.  For  example,  exposures  to  a  small 
fraction  of  a  Langmuir  of  H2O  or  CO2  can  significantly 
degrade  quantum  efficiency.  Photocathodes  may  also  be 
damaged  by  ion  back  bombardment,  independent  of  the 
gas  species  forming  the  ion.  Thus,  for  long  photocathode 
operational  lifetimes,  both  the  partial  pressures  of  reactive 
gas  species  and  the  absolute  pressure  must  be  very  low. 

If  the  photocathode  lifetime  is  long  with  no  high 
voltage  applied  to  the  gun,  one  can  be  confident  that 
harmful  residual  gases  are  not  present.  Static 
photocathode  lifetimes  of  thousands  of  hours  have  been 
demonstrated  at  many  laboratories  and  with  all  three 
photocathode  types.  At  Jefferson  Lab,  one  GaAs  cathode 
showed  no  measurable  loss  of  quantum  efficiency  on  a 
cathode  exposed  to  the  static  vacuum  for  several  months, 
corresponding  to  a  1/e  lifetime  over  20,000  hours. 

Field-emitted  electrons  may  be  a  source  of  residual 
gases  through  BSD,  and  thus  shorten  the  cathode  life 
when  high  voltage  is  applied  to  the  gun.  While 
measurements  of  cathode  lifetime  with  high  voltage 
applied  but  no  illumination  have  not  been  made  for 
extended  times,  information  on  this  point  can  be  had  by 
observing  the  lifetime  at  low  average  beam  current.  For 
most  guns  constructed  to  date,  BSD  from  field-emitted 
electrons  has  not  caused  significant  quantum  efficiency 
degradation.  This  situation  may  prove  different  in  DC 
guns  operating  at  very  high  electric  fields. 

Blectrons  originating  at  the  cathode  and  striking 
downstream  vacuum  chamber  walls  can  generate  a 
significant  gas  load.  This  was  observed  in  the  Jefferson 
Lab  polarized  guns,  and  was  traced  to  electrons 
originating  from  very  large  radius  on  the  cathode,  near  the 
junction  between  the  cathode  and  the  focusing  (i.e. 


Pierce)  electrode.  Blectrons  from  this  region  receive  a 
substantial  transverse  kick  from  the  locally  large 
transverse  fields,  and  follow  extreme  trajectories  that 
ultimately  strike  beam  tube  walls.  Deadening  the 
quantum  efficiency  at  large  radius  cured  this  problem,  and 
resulted  in  lifetime  improvements  of  factors  of  a  thousand 
or  more  [15]. 

When  all  reactive  gases  are  eliminated,  ion  back 
bombardment  remains  as  a  source  of  photocathode 
degradation.  This  mechanism  has  a  clear  signature,  since 
the  photocathode  typically  has  an  active  area  much  larger 
than  the  illuminated  area.  In  such  circumstances,  and 
with  focusing  at  the  cathode,  electrons  originating  from 
off-center  on  the  cathode  follow  trajectories  that  move 
toward  the  electrostatic  axis  of  the  gun.  The  ions 
produced,  however,  are  accelerated  directly  back  to  the 
cathode  with  very  little  transverse  displacement.  Thus, 
the  ions  damage  only  regions  of  the  cathode  radially 
inside  the  electron  emission  point,  along  a  line  joining  the 
emission  point  and  the  electrostatic  center  of  the  cathode. 
This  damage  signature  has  been  clearly  observed  in 
several  DC  guns.  While  the  details  of  the  ion  damage 
mechanisms  are  not  clear,  the  solution  is  to  reduce  the 
vacuum  pressure. 

When  ion  back  bombardment  is  the  cathode  lifetime 
limiting  phenomenon,  the  cathode  life  is  better  expressed 
in  tenns  of  the  charge  delivered  per  unit  illuminated  area, 
rather  than  in  clock  hours  or  charge  delivered.  The  best 
GaAs  cathode  lifetime  reported  to  date  is  a  1/e 
degradation  of  the  quantum  efficiency  from  the  delivery 
of  2  x  10’  C/cml  It  is  important  to  note  that  m-V 
cathodes  are  bulk  materials  with  a  monatomic  surface 
dipole  layer,  while  the  alkali  antimonide  and  telluride 
cathodes  are  stoichiometric  compounds.  Thus,  the 
response  of  these  cathodes  to  ion  back  bombardment  may 
be  quite  different. 

In  a  DC  gun  with  no  BSD  gas  load,  outgassing  is  the 
source  of  residual  gas.  This  can  be  greatly  reduced  by  the 
use  of  non-evaporable  getter  coatings  sputtered  on  the 
chamber  walls  [16].  These  coatings  have  very  low 
outgassing,  very  high  pumping  speed  for  chemically 
active  gases,  very  low  BSD,  and  act  as  a  diffusion  barrier 
to  gases  permeating  through  the  chamber  walls. 

LOAD  LOCKS  AND  GUN  DESIGNS 

No  high  quantum  efficiency  cathode  can  be  transferred 
through  air  without  being  destroyed,  and  it  seems  unlikely 
that  a  suitably  inert  atmospheric  pressure  environment  can 
be  established  to  allow  such  transfers  without 
degradation.  Attempts  to  prepare  protective  coatings  on 
photocathodes  have  been  made,  but  to  date  all  have 
caused  a  loss  in  the  quantum  efficiency  to  levels  unsuited 
for  high  average  current  use  [17].  Thus,  it  is  necessary  to 
either  prepare  cathodes  in  situ  in  the  electron  guns,  or 
transfer  them  under  vacuum  from  a  separate  preparation 
chamber,  using  a  load  lock. 

Three  reasons  are  generally  given  in  support  of  using  a 
load  lock  system.  These  are  that  with  a  load  lock  (a)  it  is 
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possible  to  have  multiple  cathodes  prepared,  ready  for 
transfer  into  the  gun;  (b)  the  gun  vacuum,  once 
established,  is  never  disturbed  by  cathode  exchanges;  and 
(c)  there  is  no  risk  of  contamination  of  high  field 
electrode  surfaces  with  alkali  metals. 

The  first  two  of  these  reasons  are  weakened  somewhat 
by  operating  experience  with  the  Jefferson  Lab  polarized 
sources.  Very  long  cathode  lifetimes,  ease  of  repeatedly 
cleaning  and  re-activating  cathodes  to  their  original 
quantum  efficiency,  and  demonstrably  excellent  vacuum 
conditions  were  all  reliably  obtained  in  guns  with  no  load 
lock.  However,  contamination  of  high  field  strength 
electrode  surfaces  with  even  tiny  amounts  of  alkali  metals 
could  easily  lead  to  unacceptably  high  levels  of  field 
emission,  particularly  in  guns  designed  to  operate  at  high 
field  strength,  and  is  reason  enough  to  use  a  load  lock. 
No  doubt  all  future  very  high  voltage  DC  photoemission 
guns  will  employ  load  locks. 

The  simplest  gun  design  involves  no  load  lock.  An 
example  is  shown  in  figure  1.  This  gun,  designed  to 
operate  at  500  kV  for  the  Jefferson  Lab  IRFEL,  has  a 
GaAs  wafer  mounted  on  a  long  cathode  “stalk”. 
Installation  of  the  cathode  stalk  involves  breaking  the  gun 
vacuum.  Following  a  vacuum  bakeout  after  cathode 
installation,  the  cathode  is  activated  by  the  introduction  of 
cesium  through  the  anode  aperture.  In  practice,  though 
the  gun  could  be  processed  to  full  voltage  before  the 


cathode  was  activated,  after  activation  field  emission  was 
excessive  above  320-335  kV.  The  gun  did  operate 
reliably  for  extended  periods  of  time  and  multiple  cathode 
activations  at  this  reduced  voltage  [8]. 


As  there  is  significant  space  available  within  the  large 
cathode  electrode,  this  gun  has  been  redesigned  to  allow 
the  cathode  to  be  activated  while  retracted  completely 
within  this  electrode,  greatly  reducing  the  likelihood  of 
cesium  contamination  on  the  high  field  surfaces.  A 
shutter  blocks  the  aperture  in  the  cathode  electrode  during 
high  voltage  processing.  These  changes  are  expected  to 
allow  the  gun  to  reach  its  500  kV  design  voltage,  and  will 
soon  be  tested. 

The  simplest  implementation  of  a  load  lock  places  the 
entire  cathode  preparation  chamber  and  load  lock  transfer 
mechanism  at  cathode  potential.  This  solution  was 
adopted  for  the  SLC  polarized  source,  which  operated  at 
120  kV  [18].  It  becomes  increasingly  awkward  to 
implement  as  the  operating  voltage  is  increased.  In  a 
design  developed  at  Mainz,  the  cathode  was  moved  into 
the  cathode-anode  gap,  allowing  cathode  preparation  and 
transfer  mechanisms  to  be  mounted  at  ground  potential 
[19].  There  are  concerns  that  the  edges  of  the  cathode 
electrode  could  become  a  source  of  field  emission  in  a 
very  high  voltage  gun  of  this  design. 

Another  way  to  locate  the  cathode  preparation  and 
transfer  mechanism  at  ground  potential  is  to  use  a  second 
ceramic  insulator  between  cathode  potential  and  ground. 
Cathode  transfer  takes  place  along  the  axis  of  this  second 
insulator.  This  solution  was  developed  by  Novosibirsk 
for  the  100  kV  NIKHEF  polarized  source  [20],  and  has 
been  adopted  for  a  200  kV  gun  built  at  Nagoya  [21].  At 
high  voltages,  the  transfer  distance  can  become  quite 
long. 

A  clever  scheme  known  as  the  “inverted”  gun  was 
developed  at  SLAC,  and  shown  in  figure  2  [22].  The 
cathode  electrode  is  supported  within  the  gun  chamber  on 
ceramic  rods,  with  the  cathode  preparation  and  transfer 
mechanisms  at  ground.  High  voltage  is  brought  in 
through  the  bore  of  one  of  the  rods,  but  could  also  be 
delivered  through  a  separate  feedthrough.  In  this  design, 
.  field  emitted  electrons  cannot  reach  the  ceramic  rods.  The 


Figure  2.  The  inverted  gun  developed  at  SLAC 


SLAC  gun  was  designed  to  reach  200  kV,  and  operated 
there,  though  with  very  high  levels  of  field  emission, 
which  were  not  understood. 
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Another  load  lock  gun  design  has  been  developed  at 
Jefferson  Lab.  The  cathode  electrode  is  a  hollow 
cylinder,  isolated  by  a  conventional  ceramic,  as  shown  in 
figure  3  [23].  The  cathode  is  introduced  through  one  end 
of  this  cylinder  and  secured  into  its  operating  location  at 
the  other  end.  This  design  incorporated  an  atomic 
hydrogen  cleaning  chamber,  allowing  a  cathode  sample  to 
be  cleaned  prior  to  being  moved  into  the  preparation 
chamber.  With  this  system,  a  cathode  sample  has  been 
taken  from  the  laboratory  environment  to  beam  delivery 
in  several  hours. 
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Figure  3.  The  JLab  load- locked  gun  design 

CONCLUSIONS 

Very  high  voltage  photoemission  electron  guns  may 
well  be  able  to  meet  the  requirements  for  a  number  of 
currently  envisioned  CW  electron  accelerators.  Methods 
for  dramatically  reducing  the  field  emission  from  large 
area  electrodes  set  the  stage  for  operating  such  guns  with 
electrode  field  strengths  of  20  MV/m  or  more.  Ion 
implantation,  the  development  of  ceramics  with 
appropriate  bulk  restivities,  insulator  designs 
incorporating  internal  protective  rings,  or  the  use  of  the 
inverted  gun  design  can  eliminate  the  problem  of  ceramic 
charging  from  even  small  field  emission  currents. 
Various  load-locked  gun  designs  operating  reliably  and 
breakdown  free  at  voltages  above  500  kV  and  at  cathode 
field  strengths  above  10  MV/m  now  seem  within  reach. 

For  high  average  current  operation,  only  high  quantum 
efficiency  photocathodes  can  be  considered.  Of  the  three 
families  of  such  photocathodes,  the  alkali  antimonides 
and  tellurides  have  been  used  in  RF  guns,  while  NEA 
GaAs  cathodes  have  been  used  in  DC  guns.  In  the  GaAs 
cathode/DC  gun  case,  the  cathode  operational  lifetime  is 
limited  by  ion  back  bombardment.  The  best  1/e  lifetime 
reported  to  date  is  2  x  10^  C/cml  The  lifetime  of  the 
alkali  antimonide  and  telluride  cathodes  may  well  be 
better  than  GaAs  in  a  DC  gun.  The  ion  back 
bombardment  lifetime  may  be  improved  by  reducing  the 


total  vacuum  pressure,  which  appears  practical  using 
MEG  coatings  in  the  gun  vacuum  chamber. 

Lasers  with  the  necessary  RF  time  structure  pose  a 
challenge  for  high  average  current  operation.  The  GaAs 
cathode  offers  an  advantage,  as  the  fundamental 
wavelength  of  a  Tiisapphire  laser  is  suitable.  Alkali 
antimonide  cathodes  require  frequency  doubled  Nd  or  Ti 
lasers,  while  the  tellurides  require  frequency  quadrupled 
Nd,  or  frequency  tripled  Ti  lasers,  and  thus  require  more 
fundamental  laser  power  to  overcome  the  inefficiency  of 
frequency  multiplication.  Fundamental  frequency  or 
harmonic  mode-locked  Nd  or  Ti  lasers  delivering  10  W  of 
optical  power  with  suitable  RF  time  structure  are  well 
within  reach. 

NEA  GaAs  offers  a  significantly  lower  thprmai 
emittance  per  unit  illuminated  area,  compared  to  PEA 
cathodes,  while  PEA  cathodes  offer  far  shorter  pulse 
durations.  In  a  DC  gun  followed  by  a  buncher,  the  long 
pulse  from  NEA  GaAs  may  not  be  a  significant  drawback. 
Based  on  all  these  considerations,  we  plan  to  construct  a 
500  to  750  kV  gun  with  a  NEA  GaAs  cathode  to  provide 
a  1300  MHz  train  of  77  pC  bunches  —  100  ma  average 
current  -  for  the  Comell/JLab  ERL  prototype  [4]. 
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Abstract 

New  technologies  for  next  generation  Electron 
Cyclotron  Resonance  Ion  Sources  (ECRIS)  are  under 
development  in  many  laboratories  in  the  world,  in  order 
to  achieve  higher  charge  states  and  higher  currents, 
especially  for  heavy  ion  beams.  In  particular,  in  the  last 
few  years  the  efforts  have  been  concentrated  on  the 
coupling  of  high  power  high  frequency  microwaves  (e.g. 
10  kW,  28  GHz),  on  the  study  and  the  development  of 
complex  magnetic  systems  for  an  adequate  plasma 
confinement,  on  the  design  of  extractors  able  to  minimize 
the  emittance  of  heavy  ion  beams  at  high  current  level 
(tens  of  milliamperes). 

The  first  injection  of  a  high  power  (6  kW)  of  a  28  GHz 
wave  in  a  B-min  ECRIS  was  achieved  in  the  SERSE 
superconducting  source  at  INFN-LNS,  Catania  in  2000. 
High  currents  of  ions  were  produced,  both  in  pulsed  and 
dc  modes.  Since  then,  other  relevant  improvements  in  the 
ECR  source  technology  have  been  carried  out.  The  talk 
will  describe  the  major  developments  of  ECRIS  science 
and  technology  in  Europe,  Asia  and  US. 

The  conceptual  design  of  a  high  magnetic  field 
superconducting  ECR  ion  source,  named  GyroSerse  will 
be  also  described.  This  multipurpose  ECR  ion  source 
aims  to: 

-  the  production  of  very  high  charge  states  of  heavy  ion 
beams  (i.e.  up  to  1  e/tA  of  U*®*  and  5  p/zA  of  light  ions  up 
to  Ar**^  in  cw  mode). 

-  the  production  of  high  current  of  highly  charged  ions 
both  in  cw  and  pulsed  mode  such  as  1  emA  of  Xe^®^ 
beams  or  0.3  emA  of  U^®*  beams  in  dc  mode  and  6  emA 
of  in  pulsed  mode  (with  a  pulse  duration  of  200  /zs). 

For  injection  into  the  accelerator,  all  these  beams  should 
fulfill  the  following  requirements:  energy  from  2.5  to  5.0 
keV/nucleon,  emittance  lower  than  200  n  mm.mrad  and 
high  reliability. 

1  INTRODUCTION 

The  future  accelerators  need  ion  beams  with  higher 
charge  state  and  higher  current.  This  demand  will  be  met 
by  the  ‘third  generation’  Electron  Cyclotron  Resonance 
Ion  Sources’  (ECRIS)  which  will  make  use  of  increased 
plasma  density  by  means  of  higher  magnetic  field  and  of 
higher  microwave  frequency,  thus  boosting  the 
performance  of  nowadays  ECRIS  operating  at  the 


frequency  of  14  and  18  GHz.  The  possibility  to  obtain 
confining  fields  exceeding  4  Tesla,  by  means  of  special 
design  of  NbTi  superconducting  magnets,  open  the  way  to 
a  new  operational  domain,  at  the  typical  frequencies  of 
gyrotrons,  above  28  GHz,  with  plasma  densities  never 
achieved  before  in  ECRIS  (10'^  cm”^  and  higher). 

A  similar  ECR  ion  source  is  useful  for  any  accelerator 
facility  based  on  a  linac  or  a  cyclotron,  and  particularly 
relevant  is  the  gain  for  the  future  accelerator  facilities 
(LHC  and  GSI  in  Europe  and  RIA  in  US)  which  needs 
currents  of  a  few  hundreds  e/zA  or  even  thousands  [1,2, 
3]. 

Even  if  relevant  improvements  were  obtained  by  some 
conventional  ECRIS  in  the  recent  past,  the  highest 
performance  from  ECRIS  can  be  obtained  only  at  higher 
frequencies  and  with  higher  confining  fields,  so  that  the 
B-minimum  trap  must  be  realized  with  superconducting 
magnets. 


Figure  1:  The  comparison  of  ECRIS  performance  at 
different  frequency  versus  the  magnetic  field. 

2  EXPERIENCE  AT  LOWER 
FREQUENCIES 

A  large  number  of  experiments  have  permitted  to 
establish  the  rules  that  link  the  ion  source  performance  to 
magnetic  field  strength  and  shape  as  well  as  to  the 
frequency  [4].  In  particular  systematic  tests  have  been 
carried  out  with  two  superconducting  magnets  ECRIS,  at 
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MSU-NSCL  in  1993-95  [5,6]  and  at  INFN-LNS  in  1998- 
99  [7],  in  order  to  validate  the  scaling  laws  and  the  High 
B  mode  concept.  The  results  of  these  tests  are 
summarized  by  Fig.  1,  which  shows  the  beam  currents  as 
a  function  of  the  radial  confinement  for  frequencies 
between  2.45  and  18  GHz.  Already  in  1995  we  proposed 
[8]  some  rules  which  an  efficient  ECRIS  must  follow  to 
produce  intense  beams  of  medium  and  high  charge  states 
and  that  have  been  recently  defined  as  the  ECRIS 
standard  model  [9]. 

3  PIONEERING  28  GHZ  OPERATIONS 
AND  STATE  OF  THE  ART  OF  ECRIS 

In  1994,  at  INFN-LNS  a  design  study  of  an  ECRIS 
operating  at  28  GHz  was  carried  out.  This  project  was 
suspended  because  the  technology  needed  to  the 
construction  of  a  3T  hexapole  was  not  available  at  that 
time.  In  1995  the  proposal  of  another  fully 
superconducting  magnets  28  GHz  ECRIS,  called 
VENUS,  was  presented  from  LBNL,  with  a  lower 
magnetic  field,  according  to  the  existing  technology  [10]. 
The  construction  of  the  source  started  in  1997  and  its  first 
plasma  was  obtained  on  May  2002  at  18  GHz  [11]. 

In  the  meantime  at  INFN-LNS,  after  the  successful 
exploitation  of  the  SERSE  source  at  14  and  18  GHz'  and 
the  validation  of  the  High  B  mode  concept,  the 
GyroSERSE  project  was  reconsidered,  even  because  the 
possibility  to  obtain  fields  above  3  T  became  realistic. 

In  order  to  define  the  best  parameters  for  the  design  of 
3"“  generation  ECRIS,  experiments  have  been  performed 
with  SERSE,  coupled  to  a  28  GHz  gyrotron-based 
generator  [12,13,14].  It  was  the  first  time  that  this  high 
frequency  has  been  launched  into  a  minimum-B  structure 
and  the  first  part  of  tests  was  devoted  to  the  study  of  the 
RF  coupling  to  the  plasma,  in  order  to  achieve  the  cutoff 
density  and  the  maximum  electron  temperature  at  the 
same  time. 

For  the  tests  of  SERSE  at  28  GHz,  a  lOkW  gyrotron 
was  available,  but  only  2  to  4  kW  were  used  in  cw  mode. 
The  maximum  power  launched  into  SERSE  was  limited 
by  the  plasma  chamber  cooling  power  which  was 
originally  calculated  for  a  maximum  RF  power  of  2.5  kW 
at  18  GHz.  In  the  afterglow  mode,  6.5  kW  have  been 
launched  at  10  Hz  repetition  rate  (maximum  duty  cycle 
was  50%). 

Even  if  the  performance  at  28  GHz  were  limited  by  the 
RF  power,  as  well  as  by  the  poor  magnetic  confinement 
(the  last  closed  iso-B  surface  being  Bia5,»1.5  Becr)  and  by 
the  low  extraction  voltage  (26  kV  maximum),  the  28  GHz 
operations  permitted  to  get  currents  exceeding  half  mA 
for  Xe  ions  with  charge  states  up  to  25^,  as  well  as  some 
eiiA  of  charge  states  between  38-"  and  42^  results  which 
have  been  never  obtained  by  any  other  source. 

The  full  set  of  results  at  28  GHz,  complementary  to  the 
ones  in  fig.  1,  are  reported  in  refs.  [12,13,14].  The 
experiments  performed  at  18  -and  28  GHz  gave  more 
detailed  mles  for  the  magnetic  confinement: 


a)  the  last  closed  surface  must  be  B,a„»2  Brcr,  i.e. 
the  so  called  High  B  mode  [4,  10],  customary  used  by  the 
Caprice  source  [16]; 

b)  the  radial  magnetic  field  value  at  the  plasma 
chamber  wall  must  be  B^  >  2.2  Brcr; 

c)  the  axial  magnetic  field  value  at  injection  must 

beatleastBi„j»3BECR; 

d)  the  axial  magnetic  field  value  at  extraction  must 
be  about  Be««B,^; 

e)  the  axial  magnetic  field  value  at  minimum  must 
be  in  the  range  0.30  <  B„,iyB,^<0.45. 

The  ideal  ECRIS  should  have  the  highest  frequency  as 
possible  to  reach  the  highest  electron  density  as  possible 
(cutoff  density  is  about  proportional  to  the  square  of  the 
frequency)  and  its  magnetic  field  should  obey  to  all  these 
rules. 


1  1,5  2 


Brad  /  Becr 

Figure  2  :  Effect  of  the  radial  magnetic  field  on  Xe^”^ 
current  [13]. 

The  radial  confinement  had  a  major  influence  in  the 
beam  production  for  medium  and  high  charge  states  as 
well,  thus  confirming  the  ECRIS  standard  model  even  at 
28  GHz.  Fig.  2  presents  Xe^®^  current  increase  with  the 
radial  mirror  ratio  (B„a  /  Becr)  at  18  GHz  and  28  GHz. 
The  left  Y-axis  scale  is  obtained  fiom  the  right  Y-  axis 
scale  by  multiplying  it  for  the  square  of  the  frequency 
ratio;  then  one  can  notice  the  remarkable  superimposition 
of  both  curves  in  dc  mode.  Being  the  technological  limit 
for  the  SERSE  radial  magnetic  field  1.45  T,  one  can 
easily  extrapolate  that  a  further  75%  gain  is  possible  with 
a  higher  magnetic  field,  while  keeping  the  other 
parameters  constant.  Additionally,  a  higher  extraction 
voltage  increases  the  extracted  currents  according  to  the 
law  [13,14].  Therefore  we  concluded  that  a  SERSE- 
type  source  scaled  for  28  GHz  operations  can  be  the  ideal 
source  for  high  charge  states  and  high  current  beam 
production. 

Some  other  innovative  sources  have  been 
commissioned  or  built  more  recently.  In  particular  the 
!iquid-He-free  RAMSES  18  GHz  ECRIS  with  hybrid 
magnets  have  given  good  results  at  RIJOEN,  Tokyo, 
already  almost  as  good  as  the  previous  room  temperature 
18  GHz  source.  The  source  is  shown  in  fig.  3.  The 
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superconducting  set  of  coils  permits  to  get  an  axial 
magnetic  field  of  3  T  and  the  NdFeB  hexapole  produce  a 
radial  field  of  1.2  T  at  the  plasma  chamber  wall  radius.  As 
reference  for  high  current  production,  about  2  emA  in  dc 
mode  of  Ar*'^  are  produced  at  RIKEN  [17]. 

However,  because  of  the  cost  of  superconducting  ion 
sources,  source  development  could  be  achieved  on  room 
temperature  devices.  The  room  temperature  GTS  source 
at  CEA  Grenoble  [18,19]  represents  an  extreme 
application  of  conventional  techniques  and  it  features  the 
interesting  possibility  to  inject  10,  14,  18  and  29  GHz 
microwave  at  the  same  time  in  the  plasma  chamber,  that 
will  permit  to  deepen  the  knowledge  of  the  ECRIS 
science  and  technology.  In  single  frequency  operation  (18 
GHz)  beam  current  above  1  mA  of  Ar*^  has  been  obtained 
and  world  record  intensities  have  been  broken  for  higher 
charge  states  like  420  /iA  of  Ar“^,  110  /xA  of  Ar''*'^ .  On 
the  other  hand,  2.1  /xA  of  Ar”'^  have  been  produced  (two 
sources  only  are  able  to  produce  such  high  currents  of  H- 
like  Argon,  i.e.  the  superconducting  SERSE  source  at 
INFN-LNS  and  the  conventional  AECR-U  source  at 
LBNL  [20]).  Beam  intensities  given  by  GTS  confirm  the 
necessity  for  any  ECRIS  to  be  operated  with  a 
confinement  as  presented  in  paragraph  3.  With  a 
reasonable  extrapolation  up  to  28  GHz,  one  can  think  in 
reaching  the  1  mA  level  for  Ar‘^'^. 


Q4I  refrigeratora 


Figure  2:  The  RAMSES  18  GHz  ECR  ion  source. 

This  summary  of  the  ECRIS  technology  state  of  the  art 
is  certainly  not  exhaustive  and  more  developments  in  the 
ECRIS  field  are  under  way  but  are  not  considered  here  for 
limits  of  space.  More  information  can  be  found  in  [21]. 

It  is  worth  mentioning  in  the  next  pages  three  appealing 
source  designs  based  on  fully  superconducting  magnets. 


as  the  SECRAL  source  of  IMP,  Lanzhou,  the  VENUS 
source  of  LBNL,  Berkeley,  and  the  GyroSERSE  source. 

4  SECRAL 

The  SECRAL  source  (fig.  4)  has  an  innovative  magnet 
design,  which  realizes  a  B-minimum  trap  by  means  of  an 
hexapole  external  to  the  three  solenoids,  i.e.  the  contrary 
of  what  is  usually  done  in  any  ECRIS.  In  this  way  the 
magnetic  field  is  not  so  high  as  for  VENUS  and 
GyroSERSE  design,  and  a  much  more  compact  source 
can  be  built,  with  a  plasma  chamber  of  125  mm  diameter 
and  a  total  length  of  the  source  of  the  order  of  1  m  only. 

The  maximum  radial  field  at  the  plasma  chamber  wall 
is  expected  to  reach  2  T,  which  is  almost  the  optimum 
field  for  28  GHz  operations. 

The  source  construction  is  now  under  way  and  the 
magnets  will  be  ready  in  summer  2003.  As  it  is  the  case 
for  VENUS,  a  preliminary  series  of  tests  at  lower 
frequency  will  be  carried  out.  More  details  on  the 
SECRAL  source  are  available  in  [22]. 


Figure  4  -  The  innovative  design  of  the  SECRAL 
source  magnets  at  IMP,  Lanzhou. 


5  VENUS 

VENUS  source  at  the  Lawrence  Berkeley  National 
Laboratory  (fig.  5)  is  the  first  3"*  generation  ECRIS  to  be 
completed.  At  this  moment  it  is  operating  at  18  GHz,  but 
it  is  able  to  operate  in  High  B  mode  even  at  28  GHz. 
Because  of  its  excellent  magnetic  trap  design,  VENUS  is 
deemed  to  get  the  leading  role  in  the  ECRIS  field  for  the 
coming  years  and  it  is  expected  to  fulfil  the  largest  part  of 
the  requirements  of  the  RIA  project  [3,9] . 

Some  relevant  improvements  to  the  existing  ECRIS 
technology  were  made  to  obtain  large  beams. 

The  plasma  chamber  has  been  designed  to  be  able  to 
handle  15  kW  of  RE  power  and  inner  surface  is  not  round, 
as  it  presents  cut-out  at  the  location  of  plasma  flutes.  This 
original  feature  can  improve  the  capability  to  withstand  a 
large  RE  power  which  is  needed  to  get  the  best  results. 
Special  attention  has  been  paid  to  the  design  of  an 
adequate  beam  transport  system,  able  to  handle  intense 
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beams.  The  experience  of  SERSE  tests  at  28  GHz  has  put 
in  evidence  the  need  to  minimize  the  emittance  growth 
and  the  solution  chosen  by  the  LBNL  group  is  effective. 

A  detailed  description  of  the  VENUS  design  and  its  state 
of  the  art  is  presented  in  ref.  [23]. 


Instrumentation 
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Figure  5  -  An  artistic  view  of  the  VENUS  source. 
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Figure  6;  The  OPERA-3D  model  of  the  GyroSERSE 
magnetic  system. 

6  GYROSERSE 

The  GyroSERSE  project  [24,25]  was  completed  in 
2001  and  it  was  approved  for  funding  in  2002-04. 
Unfortunately  the  construction  was  stopped  because  of 
budget  limitations  at  INFN.  Anyway  further 
developments  (study  of  the  beamline,  stray  fields,  etc.) 
continued,  as  there  is  a  strong  interest  to  install  a  3'“* 
generation  ECRIS  at  LNS. 

The  main  features  of  the  magnet  design  of  the 
GyroSERSE  source  and  the  comparison  with  the  ones  of 
SERSE,  SECRAL  and  VENUS  are  given  in  tab.  1 .  Fig.  6 
shows  a  model  of  the  magnetic  system,  with  the  solenoids 
and  the  hexapole  surrounded  by  an  iron  yoke  and 
followed  by  the  focusing  solenoid  which  is  the  first 
element  of  the  beamline.  The  mechanical  constraints  have 
obliged  to  choose  a  well  larger  inner  bore  than  for 


SERSE,  because  of  the  boundary  conditions  for  the 
hexapole.  The  plasma  chamber  inner  diameter  is  180  mm, 
50  mm  larger  than  the  one  of  SERSE,  and  total  volume 
will  be  doubled  with  respect  to  that  source. 

The  B-mod  lines  in  the  plasma  chamber  features  a 
value  of  the  last  closed  surface  of  about  3  T.  Then  the 
magnetic  field  will  permit  to  operate  in  High  B  mode,  i.e. 
with  a  mirror  ratio  greater  than  2,  at  any  frequency 
between  28  and  37  GHz. 


Figure  7:  A  sketch  of  the  GyroSERSE  source. 

The  coils  of  the  magnetic  system  will  be  wound  from 
NbTi  superconducting  composites  and  cooled  by 
immersion  in  a  liquid  helium  bath.  The  electrical 
connection  to  the  power  supply  at  room  temperature  will 
be  made  by  high  critical  temperature  superconducting 
currents  leads. 

The  use  of  two  cryocoolers  will  permit  to  operate  the 
cryostat  without  external  supply  of  liquid  helium.  The 
mechanical  design  is  aimed  to  reliable  operations  at  50 
kV  extraction  voltage  and  to  the  achievement  of  vacuum 
pressure  of  10  *  mbar.  In  fig.  7  the  sketch  of  the 
GyroSERSE  is  presented. 

The  28  GHz  RF  coupling  to  the  plasma  will  follow  the 
guidelines  of  the  one  used  for  the  SERSE  28  GHz 
experiment  line  [13]  and  a  similar  28  GHz  10  kW 
gyrotron  (TEoj  output  mode)  will  be  used. 

One  of  the  major  difference  between  the  existing 
ECRIS  and  the  3"*  generation  ECRIS  consists  of  the  need 
to  get  rid  of  the  space  charge  effects.  By  increasing  the 
RF  frequency  heating  from  18  GHz  to  28  GHz,  one  had  to 
face  with  extracted  beams  in  the  range  of  tens  mA,  which 
lead  to  larger  emittances.  Then  the  extraction  voltage 
should  be  at  least  40  kV  to  avoid  the  beam  blowup  due  to 
space  charge  forces.  A  standard  triode  topology  was 
chosen  for  GyroSERSE  because  of  its  simplicity,  but  a 
larger  voltage  and  a  smaller  gap  are  considered.  The 
calculated  emittance  ranges  between  120  and  2007t  mm 
mrad  at  40  kV  extraction  voltage.  An  extraction  voltage 
higher  than  40  kV  may  further  decrease  the  emittance. 
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The  different  design  options  and  the  preliminary  beamline 
simulations  are  described  in  more  details  in  ref.  [26]. 

More  information  on  the  GyroSERSE  source  design 
can  be  found  in  [24,25]. 

7  CONCLUSIONS 

In  the  next  three  or  four  years  a  significant  increase  in  the 
ECRIS  performance  is  expected,  as  soon  as  the  VENUS 
and  SECRAL  sources  will  be  operating  at  28  GHz. 

In  general,  the  trend  to  higher  currents  of  multiply 
charged  ions  is  expected  to  steadily  continue.  As  an 
increase  of  one  order  of  magnitude  per  decade  was 
obtained  over  last  twenty  years,  we  are  confident  that 
multi-mA  production  can  be  possible  by  the  end  of  this 
decade.  As  for  the  highest  charge  states,  up  to  now 
achievable  by  Laser  Ion  source  (with  poor  reproducibility 
and  bad  emittance)  and  by  Electron  Beam  Ion  Sources 
(with  low,  currents),  we  expect  that  technology 
improvements  can  allow  to  increase  the  competition,  with 
the  production  of  intense  dc  beams  with  good  emittance 
and  reproducibility,  up  to  60^  charge  state  and  even  more. 
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Table  1:  Comparison’ between  the  main  parameters  of  SERSE,  SECRAL,  VENUS  and  GyroSERSE. 


SERSE 

SECRAL 

VENUS 

GyroSERSE 

Frequency 

14  GHz  +18  GHz 

18 -28  GHz 

18-28  GHz 

28-37  GHz 

Maximum  RF  power  P,„j„ 

2  kW  +  2  kW 

10  kW 

10  kW 

10  kW 

®radial 

1.55  T 

2.0  T 

2.0  T 

3T 

Bi  (injection) 

2.7  T 

4.0  T 

4.0  T 

4.5  T 

B2(extraction) 

1.6T 

2.0  T 

3.0  T 

3.5  T 

^  chamber 

130  mm 

126  mm 

140  to  152  mm 

180  mm 

L  chamber 

550  mm 

804  nun 

1030  mm 

700  mm 

cryostat 

1000  mm 

900  nun 

1060*970  mm 

1000  mm 

L  cryostat 

1310  mm 

1000  mm 

1070  mm 

2150  mm 

Vex» 

20  kV  (25  max) 

40  kV 

30  kV 

40-50  kV 

LHe  consumption 

~4iyh  (100  Fday) 

11/h 

0 

0 
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Abstract 

VENUS  (Versatile  ECR  ion  source  for  NUclear 
Science)  is  a  next  generation  superconducting  ECR  ion 
source,  designed  to  produce  high  current,  high  charge 
state  ions  for  the  88-Inch  Cyclotron  at  the  Lawrence 
Berkeley  National  Laboratory.  VENUS  also  serves  as  the 
prototype  ion  source  for  the  RIA  (Rare  Isotope 
Accelerator)  front  end.  The  magnetic  confinement 
configuration  consists  of  three  superconducting  axial  coils 
and  six  superconducting  radial  coils  in  a  sextupole 
configuration.  The  nominal  design  fields  of  the  axial 
magnets  are  4T  at  injection  and  3T  at  extraction;  the 
nominal  radial  design  field  strength  at  the  plasma 
chamber  wall  is  2T,  making  VENUS  the  world  most 
powerful  ECR  plasma  confinement  strucmre.  The 
magnetic  field  strength  has  been  designed  for  optimum 
operation  at  28  GHz.  The  four-year  VENUS  project  has 
recently  achieved  two  major  milestones:  The  first  plasma 
was  ignited  in  June,  the  first  mass-analyzed  high  charge 
state  ion  beam  was  extracted  in  September  of  2002.  The 
paper  describes  the  ongoing  commissioning.  Initial  results 
including  first  emittance  measurements  are  presented. 

VENUS  ECR ION  SOURCE 

The  goal  of  the  VENUS  ECR  ion  source  project  as  the 
RJA  R&D  injector  is  the  production  of  200e  A  of  U^®*,  a 
high  current  medium  charge  state  beam.  On  the  other 
hand,  as  an  injector  ion  source  for  the  88-Inch  Cyclotron 
the  design  objective  is  the  production  of  5e  A  of  U'**'^,  a 
low  current,  very  high  charge  state  beam.  To  achieve 
those  ambitious  goals,  the  VENUS  ECR  ion  source  has 
been  designed  for  optimum  operation  at  28  GHz.  This 
frequency  choice  has  several  design  consequences.  To 
achieve  the  required  magnetic  confinement,  super¬ 
conducting  magnets  have  to  be  used.  The  size  of  the 
superconducting  magnet  structure  implies  a  relatively 
large  plasma  volume.  Consequently,  high  power  28  GHz 
microwave  coupling  becomes  necessary  to  achieve 
sufficient  plasma  heating  power  densities.  Finally,  the 
extraction  of  the  high  current,  multi-species  ion  beam  out 
of  the  ion  source  plasma  in  the  presence  of  a  high 
magnetic  field  is  a  challenging  task,  and  VENUS  will 
provide  an  essential  database  for  the  design  of  future  ECR 
high  current  injector  systems. 

Fig.  1  shows  the  mechanical  layout  of  the  ECR  ion 
source.  The  mechanical  design  is  described  in  detail 
elsewhere  [1].  The  water-cooling  of  the  ion  source  is 

*  This  work  was  supported  by  the  Director,  Office  of  Energy  Research, 
Office  of  High  Energy  and  Nuclear  Physics,  Nuclear  Physics  Division  of 
the  U.S.  Department  of  Energy  under  Contract  DE  AC03-76SF00098. 
♦♦DLeitner@lbl.gov;  http://ecrgroup.lbl.gov 
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Figure  1:  Mechanical  layout  of  the  VENUS  ion  source 
and  cryogenic  system. 

sufficient  to  allow  continuous  operation  at  15  kW 
microwave  input  power. 

The  design  and  development  of  the  superconducting 
magnets  are  described  in  [1,2].  The  sextupole  coils  are 
wound  around  a  pole  with  iron  in  the  center,  which 
enhances  the  peak  field  about  10%.  The  superconducting 
sextupole  coils  experience  strong  forces  in  the  axial  field 
of  the  solenoids.  Therefore,  a  new  clamping  scheme 
utilizing  liquid  metal  filled  bladders  was  developed  to 
prevent  any  movement  of  the  energized  coils  [2].  During 
commissioning  of  the  superconducting  magnets,  the 
sextupole  reached  110%  of  its  design  field  after  a  few 
training  quenches  (2.4T)  with  the  solenoids  operating  at 
their  design  fields,  4T  at  injection  and  3T  at  extraction 
respectively. 

The  cryogenic  system  for  VENUS  has  been  designed  to 
operate  at  4.2”  K  with  two  'cryocoolers  each  providing  up 
to  45  W  of  cooling  power  at  50“  K  and  1.5  W  at  4“  K  in  a 
closed  loop  mode  without  further  helium  transfers.  During 
the  acceptance  test  in  September  2001,  the  cryostat  failed 
to  meet  design  specifications.  The  heat  leak  exceeded  the 
design  goal  of  1.5  W  pd  was  measured  to  be  about  3  W, 
which  is  at  the  limit  of  the  two  croycoolers’  capacity. 
Furthermore  the  heat  exchanger,  which  couples  the  LHe 
Reservoir  to  the  two  1.5  W  cryocoolers  did  not  function 
properly,  making  it  necessary  to  frequently  transfer  liquid 
helium.  Thorough  analysis  of  the  original  heat  exchanger 
showed,  that  the  thermal  resistance  of  the  flexible  copper 
fink  was  too  high  to  efficiently  transfer  heat  from  the 
helium  reservoir  to  the  cryocoolers.  Therefore,  a  new 
design  approach  was  developed.  Sets  of  fins  machined 
from  blocks  of  high  conductivity  copper  are  mounted 
directly  on  each  cryocooler  head  and  act  as  helium  vapor 


0-7803-7738-9/03/$17.00  ©  2003  IEEE 


86 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


condensers.  A  tube  was  installed  to  transfer  helium  vapor 
from  the  reservoir  to  the  condensers.  There  the  vapor 
condenses,  and  the  liquid  helium  returns  to  the  reservoir 
through  a  second  tube  [3]. 

The  two  cryocoolers  now  provide  sufficient  cooling 
power  for  18  GHz  operation  [3].  For  28  GHz  operation, 
the  expected  x-ray  flux  will  add  to  the  heat  load  of  the 
cryostat.  Therefore,  we  are  currently  constructing  a 
cryostat  extension  with  an  additional  (third)  ciyocooler. 

» 

Beam  Transport  System 

The  low  energy  ion  beam  transport  system  shown  in 
Fig.  2  consists  of  a  moveable  accel-decel  extraction 
system  (operating  at  voltages  up  to  30  kV),  a  solenoid 
lens,  and  a  large  gap,  90  degree  double  focusing  analyzing 
magnet  [4,  5].  The  beam  transport  system  was  designed 
for  high  current,  high  charge  state  extraction.  Therefore, 
to  minimize  beam  blow  up  due  to  space  charge,  the 
extracted  ion  beam  is  directly  matched  into  the  analyzing 
magnet.  In  this  kind  of  arrangement,  a  single  solenoid  lens 
is  used  to  adjust  the  divergence  of  the  beam  going  into  the 
magnet.  The  beam  diameter  cannot  be  adjusted 
independently  at  the  same  time  with  only  a  single 
solenoid  lens.  Consequently,  a  large  gap  (18  cm)  magnet 
was  chosen  to  accommodate  the  ion  beam  size  at  high 
intensities  [1]. 

After  the  mass  analyzing  section,  a  two-axis  emittance 
scanner  has  been  installed.  In  order  to  measure  the  actual 
ion  source  emittance  instead  of  the  magnet  acceptance, 
100%  ion  beam  transmission  with  minimal  aberrations 
through  the  analyzing  section  is  essential. 

In  the  early  commissioning  phase,  during  which  total 
currents  between  1  and  5  emA  have  been  extracted,  ion 
beam  transmissions  of  80  to  100%  have  been  measured. 
Systematic  emittance  measurements  are  being  carefully 
compared  to  the  beam  transport  simulations.  These  studies 
will  improve  the  theoretical  understanding  of  the  multi¬ 
ion  species  beam  transport  and  will  provide  guidance  for 
the  design  of  future  high  ciurent  ECR  injector  systems. 

FIRST  COMMISSIONING  RESULTS 

The  first  plasma  was  ignited  in  June,  the  first  mass- 
analyzed  high  charge  state  ion  beam  was  extracted  in 
September  of  2002.  Several  technical  challenges  were 
solved  during  the  first  commissioning  months.  A  PLC 
(programmable  logic  controller)  based  external  regulation 


AECR-U 
10+14  GHz 

SERSE 
14  GHz 

SERSE 
14+18  GHz 

VENUS 
18  GHz 

570 

430 

540 

810 

mm 

300 

225 

225 

220 

mm 

270 

260 

260 

290 

mm 

192 

200 

200 

180 

Table  1  First  VENUS  commissioning  results  compared  to 
best  performance  data  from  the  AECR-U  and  the 
SERSE  [7]  ion  sources  at  the  given  frequencies.  The 
VENUS  ion  source  has  not  been  tested  for  very  high 
charge  state  production. 


Figure  2:  Mechanical  layout  of  the  beam  transport  system 
for  VENUS. 

loop  for  the  superconducting  magnet  power  supplies  was 
developed.  It  allows  ramping  of  the  magnets  in  a 
reasonable  time  and  stabilizes  the  magnets  at  the 
requested  currents  without  fast  oscillations,  which  can 
cause  quenches.  In  addition,  a  new  quartz  HV  break  was 
developed  for  reliable  18  GHz  microwave  operation  up  to 
2  kW.  Holes  were  drilled  into  the  waveguide  inside  the 
ion  source  vacuum  chamber  for  better  pumping  in  this 
long  waveguide  section  to  suppress  a  parasitic  ECR 
discharge  found  in  initial  tests. 

The  vacuum  system  design,  which  uses  only  UHV 
compatible  components  and  metal  seals,  is  optimized  for 
good  plasma  chamber  pumping.  Therefore,  after  initial 
operation  with  plasma,  the  base  pressure  is  excellent 
(injection  chamber  low  10‘®  mbar,  extraction  chamber  low 
10’’  mbar).  So  far,  oxygen  and  argon  gases  have  been 
used  in  the  tests.  Heavy  ion  beam  production  for  very 
high  charge  states  and  metal  ion  beam  production  will  be 
started  this  summer.  Some  preliminary  results  are 
presented  in  Table  1. 

Venus  has  a  plasma  volume  of  about  9  liters,  which  is 
large  compared  to  the  AECR-U  [6].  The  microwave 
power  density  used  in  the  AECR-U  at  peak  performance 
is  1700W/liter  in  double  frequency  mode  and  about 
1000  W/liter  in  single  frequency  mode.  A  total  power  of 
10  kW  will  be  required  to  achieve  an  equivalent  power 
density  in  VENUS.  Once  the  28  GHz  gyrotron  has  been 
installed  at  the  end  of  this  year,  this  power  density  will  be 
available. 

Fig.  3  shows  the  analyzed  current  in  e  A  as  a 

function  of  18  GHz  microwave  power.  The  current 
increases  almost  linearly  with  power,  demonstrating  that 
more  rf  power  is  needed  to  reach  optimum  performance. 

In  Fig.  4  the  analyzed  and  cxirrent  is  plotted  as 
a  function  of  the  radial  field.  For  reference,  the  ratio  of  the 
radial  field  to  the  electron  cyclotron  resonance  field 
(radial  mirror  ratio,  Brad/Bjcr)  for  18  GHz  is  also  shown. 
The  current  values  peak  at  a  radial  mirror  ratio  of  about  2, 
similar  to  the  radial  mirror  ratio  for  maximum 
performance  observed  in  SERSE  at  14.5  GHz  [8].  For  28 
GHz  operation,  this  maximum  would  be  at  2  to  2.2T 
sextupole  field.  Therefore,  the  confinement  of  VENUS 
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Power  [W] 

Figure  3:  Analyzed  current  in  dependence  of  the 
coupled  RF  power. 

should  be  sufficient  to  achieve  maximum  performance  at 
28  GHz. 

Systematic  emittance  studies  with  argon  have  begun 
recently,  and  first  results  are  presented  in  Fig.  5.  The 
1-rms  normalized  emittance  values  for  different  argon 
charge  states  are  plotted.  Several  charge  states  have  been 
measured  for  various  ion  source  and  tuning  conditions  (rf 
power,  plasma  stability,  extraction  matching  and  ion 
optics).  The  different  values  are  graphed  to  show  the 
spread  in  measured  emittance  values. 

The  theoretical  minimum  emittance  caused  by  the  ion 
source  axial  magnetic  field  at  the  extraction  is  also  plotted 
in  this  graph.  The  strong  axial  ion  source  magnetic  field  at 
the  extraction  induces  a  beam  rotation  that  leads  to 
emittance  growth  as  described  in  [5].  There  is  a  good 
agreement  between  the  measured  data  and  the  predicted 
values.  This  suggests  that  the  extraction  system  is  well 
matched  to  the  extracted  ion  beam  current.  On  the  other 


B  /B 

rad  ecr 


Figure  4:  and  ion  beam  intensity  versus  the  radial 

magnetic  plasma  confinement  field. 


- theoretical  emittance  (1rms) 


Figure  5:  Measured  emittance  values  for  different  charge 
states  of  argon  in  comparison  with  the  predicted  [5] 
theoretical  minimum  values  due  to  the  magnetic  field. 

hand,  these  measurements  differ  from  previously 
measured  emittance  values  at  the  AECR-U  ion  source  [9], 
in  which  the  emittance  values  decline  for  the  higher 
charge  states.  It  may  be  that  the  VENUS  source  tuning  is 
not  yet  optimized  for  very  high  charge  state  production,  in 
which  higher  charge  states  are  extracted  closer  to  the 
beam  axis  [5]. 

REFERENCES 

[1]  M.A.  Leitner,  C.M.  Lyneis,  D.  Wutte,  C.E.  Taylor 
and  S.R.  Abbott,  Physica  Scripta,  T92, 171-173, 2001 

[2]  C.  E.  Taylor,  S.  Caspi,  M.  Leitner,  S.  Lundgren,  C. 
Lyneis,  D.  Wutte,  S.T.  Wang,  J.Y.  Chen,  Magnet 
System  for  an  ECR  Ion  Source,  IEEE  Transactions  on 
Applied  Superconductivity,  2000, 10(1),  p.  224 

[3]  M.A.  Leitner,  D.  Leitner,  S.  R.  Abbott,  C.  E.  Taylor, 
C.  M.  Lyneis,  Proc.  of  15th  international  workshop 
on  ECR  ion  source,  University  of  Jyvaskyla,  Finland 
June  12-14, 2002 

[4]  M.A.  Leitner,  C.M.  Lyneis,  D.  Wutte,  C.E.  Taylor 
and  S.R.  Abbott,  Proc.  of  15th  international 
workshop  on  ECR  ion  source.  University  of 
Jyvaskyla,  Finland  June  12-14, 2002 

[5]  M.A.  Leitner,  C.M.  Lyneis,  D.  Wutte,  C.E.  Taylor 
and  S.R.  Abbott,  Proceedings  of  the  Particle 
Accelerator  Conference  (PAC’Ol),  Chicago,  2001 

[6]  D.  Xie,  C.  M.  Lyneis,  Proc.  of  13th  international 
workshop  on  ECR  ion  source,  Texas  A&M,  USA 
1997 

[7]  S.  Gammino,  G.  Ciavola,  L.  Castro,  F.  Chines,  S. 
Marietta,  Rev.  Sci.  Instrum.  70,  3577  (1999) 

[8]  D.  Hitz,  A.  Girard,  G.  Melin,  S.  Gammino,  G, 
Ciavola,  L.  Celona,  Proc.  of  15th  international 
workshop  on  ECR  ion  source.  University  of 
Jyvaskyla,  Finland  June  12-14, 2002 

[9]  D.  Wutte,  M.A.  Leitner  and  C.M.  Lyneis,  Physica 
Scripta,  T92, 247-249, 2001 


88 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


DESIGN  OF  AN  EBIS  FOR  RHIC* 


J.  G.  Alessi,  E.  Beebe,  D.  Graham,  A.  Kponou,  A.  Pikin,  K.  Prelec,  J.  Ritter,  V.  Zajic 

BNL,  Upton,  NY  11973,  USA 


Abstract 

An  Electron  Beam  Ion  Source  (EBIS)  can  be  used  to 
produce  beams  of  high  charge  state  heavy  ions,  and  is  an 
excellent  choice  for  injection  into  a  synchrotron,  since 
short  pulses  of  high  intensity  can  be  produced  for  single- 
or  few-tum  injection  into  the  ring.  As  a  result  of 
successful  experiments  on  a  test  EBIS  at  BNL,  we  are 
now  confident  that  an  EBIS  meeting  RHIC  requirements 
can  be  built.  This  EBIS  would  be  part  of  a  new  linac- 
based  preinjector  which  would  serve  as  a  modem 
altmiative  to  the  existing  Tandem  preinjectors,  offering 
improvements  in  performance  and  operational  simplicity. 
The  BNL  test  EBIS,  which  is  a  Vi  trap-length  prototype  of 
the  RHIC  EBIS,  has  produced  >  10®  ions  per  pulse  of 
Au^^'^,  in  10-20  microsecond  pulses,  and  has  exce^ed  our 
design  goals.  Performance  of  the  test  EBIS  is 
sununarized  and  the  design  of  the  RHIC  EBIS  presented. 

INTRODUCTION 

The  present  preinjector  for  heavy  ions  for  AGS/RHIC 
uses  the  Tandem  Van  de  Graaff,  built  around  1970.  In 
fact,  the  required  gold  beam  intensities  for  RHIC  could 
only  be  met  with  a  Tandem  until  the  recent  success  in 
EBIS  development  at  Brookhaven.  An  alternative  to  the 
Tandem  can  now  be  an  Electron  Beam  Ion  Source 
(EBIS),  followed  by  a  Radiofrequency  Quadrupole  (RFQ) 
accelerator,  and  a  short  Linac.  This  new  preinjector  offers 
improvements  in  both  performance  and  operational 
simplicity.  While  the  Tandem  has  proven  to  be  reliable, 
quite  a  few  systems  are  becoming  obsolete,  and  would 
have  to  be  replaced  to  maintain  reliable  long  term 
operation  for  RHIC.  The  RFQ  and  linac  are  a  simpler, 
modem,  more  robust  technology,  which  will  require  less 
maintenance.  Since  the  EBIS  produces  directly  the  high 
charge  state  desired  for  Booster  injection,  two  stripping 
stages  can  be  eliminated,  with  the  accompanying  intensity 
and  energy  spread  variations  as  foils  age  and  then  break, 
often  over  a  time  scale  of  only  a  couple  hours  at  highest 
intensities.  The  860  m  long  transport  line  from  Tandem 
to  the  Booster  would  be  replaced  by  a  line  of  ~  30  m.  The 
EBIS  will  inject  full  intensity  over  only  1-4  turns,  as 
compared  to  30-40  from  Tandem,  so  injection  will  be 
much  easier.  Finally,  the  EBIS  is  capable  of  producing 
any  ion  species,  while  the  Tandem  is  limited  to  those 
starting  as  negative  ions. 

The  performance  required  for  an  EBIS  meeting  RHIC 
requirements  is  shown  in  Table  1.  Also  shown  in  the 
Table  is  the  present  performance  of  the  prototype  EBIS 
which  is  now  in  operation  at  BNL. 


*Work  performed  under  Contract  Number  DE-AC02- 
98CH10886  with  the  auspices  of  the  US  Department  of  Energy. 


Table  1:  EBIS  parameters 


Parameter 

RHIC  EBIS 

EBTS  (achieved) 

e-beam  current 

10  A 

10  A 

e-beam  energy 

20keV 

20keV 

e-beam  density 

~  575  A/cm^ 

>575  A/cm^ 

Ion  trap  length 

1.5  m 

0.7  m  (solenoid  limit) 

Trap  capacity 
(charges) 

11x10" 

5.1  X  10"  (lOA) 

Yield,  charges 

5.5  X  10"  (Au,  lOA) 

3.4xl0"(Au,8A) 

Pulse  length 

<40  ps 

20  ps 

Yield  Au^^ 

3.4  X  10®  ions/pulse 

>  1.5  X  10®  ions/pulse 

PERFORMANCE  OF  THE  EBIS  TEST 
STAND 

The  construction  and  previous  results  on  the  EBIS  test 
stand  (EBTS)  have  been  presented  [1-3].  EBTS  is  a  ~half 
length  version  of  the  RHIC  EBIS,  capable  of  operating  at 
the  full  10  A  electron  current.  With  a  trap  half  the  length 
of  the  final  EBIS,  we  have  consistently  exceeded  our  goal 
of  half  the  ion  yield  required  for  RHIC.  While  we  have 
demonstrated  low  loss  operation  at  10  A  electron  beam, 
we  are  typically  operating  at  7-8  A  due  to  some  trap 
power  supply  limits.  Ion  injection  of  low  charge  gold  ions 
from  a  low  energy  vacuum  arc  ion  source  (LEVA)  [4]  and 
subsequent  extraction  of  high  charge  state  Au  has  been 
demonstrated  with  electron  beams  up  to  8A.  Gold  spectra 
with  dominant  charge  state  34-i-  and  total  ion  charge  of  55 
nC  measured  on  a  current  transformer  at  the  EBIS  exit  has 
been  obtained  after  a  30  ms  confinement  period.  This 
corresponds  to  -85%  of  the  theoretical  ion  trap  capacity, 
and  exceeds  our  goal  of  50%  neutralization.  Time-of- 
flight  spectra  indicate  that  20%  of  the  gold  charge  is 
concentrated  in  charge  state  34-I-.  The  collected  ion 
charge  is  proportional  to  the  electron  current  and  the  gold 
charge  state  scales  with  the  electron  current  density. 

In  addition  to  a  high  resolution  time  of  flight 
spectrometer,  we  have  recently  installed  large  aperture 
gridded  electrodes  which  can  accept,  and  sample  Ae  full 
extracted  ion  beam,  which  is  then  measured  on  a 
downstream  Faraday  cup,  allowing  a  low  resolution  time- 
of-flight  measurement  of  the  full  output  current.  A 
sample  spectrum  is  shown  in  Figure  1,  where  one  can  see 
the  gold  charge  states,  and  low  mass  peaks  coming  from 
ionization  of  background  gas.  This  served  to  verify  the 
large  fraction  of  gold  ions  in  the  extracted  ion  pulse. 
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Figure  1:  Course  time-of-flight  measurement  of  the  total 
output.  Ie=7A,  10  ms  confinement,  ~83%  Au  ions, 
peaked  at  25^  (Noise  from  the  chopper  voltage  pulse  is  to 
left  of  the  H  peak). 

Another  recent  improvement  has  been  the  addition  of 
an  extra  solenoid  coil  between  the  electron  gun  and  the 
EBIS  trap  region.  This  allows  one  to  increase  the 
magnetic  field,  and  thus  the  compression  of  the  electron 
beam,  at  the  entrance  to  the  early  drift  tubes,  resulting  in  a 
reduction  in  beam  loss  on  these  electrodes  from  the  10“* 
level  to  <  10'*. 

EBTS  performance  represents  more  than  an  order  of 
magnitude  improvement  over  past  EBIS  sources.  At  the 
same  time,  operation  has  been  very  reproducible  and 
stable.  Some  of  the  key  features  of  this  EBIS  are  the 
following: 

•  A  novel  electron  gun  design  [5].  It  uses  a  convex 
LaBfi  cathode,  and  the  resultant  beam,  with  low 
rotational  velocity,  is  less  sensitive  to  acceleration 
and  deceleration  common  in  an  EBIS. 

•  A  warm  bore,  unshielded  superconducting  solenoid 
for  the  main  trap  region.  With  no  cryopumping  in 
the  trap  region  surfaces,  we  are  less  sensitive  to  beam 
losses  in  the  trap. 

•  Careful  vacuum  separation  of  the  trap  region  from 
the  electron  gun  and  electron  collector  regions. 

•  Large  bore  (32mm)  drift  tubes  have  been  used, 
compared  to  the  3-9mm  tubes  typical  for  an  EBIS. 
This  helps  with  pumping  in  the  warm  bore  and 
reduces  loading  (desorption)  effects.  It  also  reduces 
the  requirements  on  alignment,  and  with  the  electron 
beam  far  from  drift  tube  gaps  lessens  RE  coupling. 

•  The  use  of  auxiliary  (warm)  solenoids,  one  near  the 
electron  gun  and  one  in  the  transition  region  at  the 
entrance  of  the  electron  collector.  This  allows  the 
gun  and  collector,  which  are  both  sources  of  vacuum 
degradation,  to  be  located  far  from  the  ionization 
region,  thereby  accommodating  differential  pumping 
stages.  This  also  allows  additional  control  of  the 
electron  beam  launching,  compression,  and 
collection.  In  addition  EBTS  makes  use  of  many 
transverse  magnet  coils  for  steering  corrections  from 
the  electron  gun  to  the  collector. 

•  Since  the  desired  charge  state  can  be  reached  in  lO’s 
of  milliseconds,  while  the  time  between  pulses  is 


lOO’s  of  milliseconds,  the  electron  beam  is  pulsed  to 
reduce  the  average  power  on  the  electron  collector. 

•  Very  versatile  controls  allow  one  to  easily  apply  a 
time  dependent  potential  distribution  to  the  ion  trap 
[6].  The  controllo'  coordinates  the  application  of  all 
time  dependent  voltages  and  timing  references 
associated  with  the  ion  source,  with  a  time  resolution 
of  1  fis.  At  present,  to  simplify  the  user  interface,  the 
software  limits  the  distribution  to  10  EBIS  subcycles 
or  “plateaus”  and  10  ramps  between  the  plateaus. 
The  analog  functions  are  used  to  control  drift  tube 
power  supplies,  ramping  and  pulsing  of  the  electron 
gun  voltages,  and  ramping  of  the  electron  gun 
solenoidal  field. 

DESIGN  OF  AN  EBIS  FOR  RHIC 

Parameters  for  the  RHIC  EBIS  are  the  following: 

Output  (single  charge  state):  1.1  x  10"  charges 

Ion  output  (Au”* ):  3.4  x  10’  particles/pulse 

Pulse  width:  10  -  40  /iS 

Max  rep  rate:  10  Hz 

Beam  current  (single  charge  state):  1.7-0.42  mA 

Output  energy:  8.5  keV/amu 

Output  emittance:  0.35  n  mm  mrad,  norm,  90% 

Our  experience  so  far  in  the  operation  of  the  EBTS  has 
confirmed  the  validity  of  our  approach  to  the  design  of  the 
RHIC  EBIS.  The  primary  difference  in  the  RHIC  EBIS  is 
the  doubling  of  the  trap  length  to  double  the  ion  output. 
Other  new  features  we  plan  to  incorporate  into  the  final 
EBIS  will  be  made  in  order  to  make  the  final  EBIS  more 
robust.  A  schematic  of  the  RHIC  EBIS  is  shown  in  Fig. 
2.  Presented  below  is  our  present  concept  for  several  key 
EBIS  components. 

Superconducting  Solenoid 

In  order  to  increase  the  trap  region  length  from  71  cm 
to  150  cm,  the  solenoid  length  will  be  increased  from  100 
cm  to  200  cm.  The  field  will  remain  at  5  T,  but  the  bore 
diameter  will  be  increased  from  155  mm  to  204  mm,  in 
order  to  facilitate  pumping  in  the  longer  trap  region. 

Electron  Gun 

The  existing  electron  gun  can  generate  an  electron 
current  of  10  A  for  1000  hours,  with  an  emission  density 
of  13.5  A/cm^  for  10  A  electron  beam.  While  the  existing 
unit  meets  the  RHIC  EBIS  requirements,  to  have  a  more 
comfortable  safety  factor  and  a  reserve  for  a  possible 
future  increase  of  the  ion  beam  intensity,  it  would  be 
advantageous  to  have  an  electron  gun  which  is  capable  of 
generating  an  electron  beam  with  a  current  of  ~  15  A.  To 
be  able  to  extract  an  electron  current  in  excess  of  lOA 
while  at  the  same  time  increasing  the  lifetime  of  the  gun, 
we  plan  to  test  a  cathode  unit  based  on  IrCe  rather  than 
the  present  LaB^.  Published  results  of  tests  of  IrCe 
cathodes  show  that  even  for  an  emission  density  as  high 
as  30  A/cm^  the  lifetime  is  several  thousands  hours  - 
much  longer  than  we  now  have.  In  collaboration  with  the 
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Figure  2:  Schematic  of  the  RHIC  EBIS 


Budker  Institute  of  Nuclear  Physics  (BINP),  a  test  of  such 
a  cathode  on  EBTS  is  planned  for  the  near  future. 

Electron  Collector 

The  main  improvement  in  the  new  electron  collector 
(EC)  for  the  RHIC  EBIS  is  an  increase  in  its  capacity  to 
dissipate  power,  compared  with  the  existing  EC  on  the 
EBTS.  The  new  EC  will  be  designed  to  dissipate  a  power 
of  230  kW,  higher  than  our  expected  load  of  100  kW.  To 
reduce  the  maximum  power  density  on  the  surface-water 
interface,  the  longitudinal  distribution  of  the  electron 
beam  on  this  surface  will  be  made  more  homogeneous 
than  in  the  existing  EC  by  optimizing  the  shape  of  the 
magnetic  field.  The  total  area  of  the  cylindrical  water- 
cooled  surface  of  the  EC  will  also  be  increased;  with  the 
new  collector  having  an  iimer  diameter  of  30  cm  and  a 
length  of  24  cm.  Unlike  in  the  EBTS,  the  outer  surface  of 
the  new  EC  will  be  exposed  to  atmosphere.  This  concept 
allows  us  to  practically  eliminate  any  probability  of  water 
leaks  into  the  vacuum  volume,  because  no  water-cooling 
tubes  will  be  in  the  vacuum. 

Vacuum 

Ion  confinement  times  as  long  as  100  ms  may  have  to  be 
used  to  reach  some  charge  states  of  interest.  The 
background  pressure  in  the  trap  region  should  be  low 
enough  that  one  does  not  produce  a  significant  number  of 
ions  from  the  background  gas.  One  can  tolerate  a  residual 
gas  pressure  P=lxl0'’  Torr,  since  one  then  estimates  that 
less  than  20%  of  accumulated  ions  in  a  trap  will  be 
background  gas  ions.  The  pressure  in  the  regions  with 
high  outgassing  rate  (electron  gun  and  electron  collector) 
can  be  higher  than  in  the  ionization  region,  provided  there 
is  efficient  vacuum  separation  between  the  sections. 
Unlike  in  EBTS,  the  central  region  containing  the  ion  trap 
will  be  preserved  from  venting  to  atmosphere  during 
maintenance  or  upgrade  operations  with  electron  gun  and 
electron  collector  by  separating  it  from  these  regions  with 
gate  valves.  In  addition,  there  will  beincreased  vacuum 
conductivity  between  the  middle  part  of  the  central 
chamber  and  the  ends  where  pumps  are  located,  due  to  the 
increase  in  diameter  of  the  central  chamber  from  our 
present  4”  to  6”.  The  use  of  non-evaporable  getters  (NEG) 
in  the  region  of  the  ion  trap  is  also  being  considered. 


Seeding  the  EBIS  Trap 

The  primary  means  of  seeding  the  trap  of  the  RHIC 
EBIS  will  be  injection  and  trapping  of  singly  charged  ions 
from  an  external  ion  source.  This  technique  has  been  used 
very  successfully  on  other  EBISs,  as  well  as  on  EBTS, 
and  allows  one  to  produce  a  very  narrow  charge  state 
distribution.  The  requirements  of  Ae  external  source  are 
relatively  modest,  needing  currents  of  only  about  100  /iA. 

CONCLUSION 

The  RHIC  EBIS  design  will  be  very  similar  to  the 
present  EBTS  operating  at  BNL.  No  significant 
improvement  in  performance  is  required,  other  than  the 
straightforward  scaling  of  ion  output  with  an  increase  in 
trap  length.  Beyond  this,  changes  to  the  EBTS  design, 
which  was  a  device  built  to  demonstrate  feasibility,  will 
make  the  RHIC  EBIS  an  “operational”  device,  i.e. 
simplier  to  maintain,  and  more  reliable  due  to  increased 
engineering  margins  on  components. 
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Abstract 

We  present  here  the  design  and  construction  of  an  all 
niobium  superconducting  RF  injector  to  generate  high 
average  current,  high  brightness  electron  beam.  A  14  cell 
superconducting  cavity  has  been  designed,  built,  and 
tested.  A  cryostat  has  been  built  to  cool  the  cavity  to  ~2  K. 
The  RF  system  can  deliver  up  to  500  W  at  1.3  GHz  to  the 
cavity.  A  mode-locked  Nd:YV04  laser,  operating  at  266 
nm  with  0.15  W  average  power,  phase  locked  to  the  RF, 
will  irradiate  a  laser  cleaned  Nb  surface  at  the  back  wall 
of  the  cavity.  Description  of  critical  components  and  their 
status  are  presented  in  the  paper.  Based  on  DC 
measurements,  QE  of  up  to  lO"'*  can  be  expected  from 
such  cavity 


INTRODUCTION 

In  recent  years,  there  had  been  considerable  interest  in 
developing  high  average  current,  high  brightness  electron 
beams  both  for  accelerator  and  photon  source 
applications.  With  its  low  power  requirements  a 
superconducting  RF  (SCRF)  photoinjector  is  an  ideal 
electron  source  for  these  applications.  However,  the  low 
quantum  efficiency  of  Nb  and  the  short  lifetime  and 
complicated  design  associated  with  alkali  cathodes  have 
slowed  the  implementation  of  this  scheme.  Recently,  it 
has  been  shown  that  the  QE  of  Nb  can  be  improved 
significantly  by  laser  cleaning  it  in  vacuum  A 
feasibility  study  to  incorporate  this  technique  in  the 
surface  preparation  of  SCRF  injector  and  generate  high 
average  current  electron  beam  was  undertaken  and  the 
results  are  presented  in  the  following  sections. 

SIMULATIONS 

A  schematic  of  the  cavity,  cryostat  and  electron  beam 
transport  are  shown  in  Figure  1 . 
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Figure  1:  Schematic  of  the  beam  transport 


The  laser  is  reflected  by  an  off  axis  metallic  mirror  into 
the  beam  line  to  irradiate  the  cathode.  The  electron  beam 
generated  by  the  laser  is  transported  through  a  solenoid  to 
the  Faraday  cup  at  the  end  of  the  beam  line.  The  beam 
envelope  simulated  using  PARMELA  is  shown  in  Figure 
2.  The  energy  and  longitudinal  and  transverse  emittances 
of  a  electron  bunch  with  1  pC  charge  from  1  mm  spot  size 
and  6  ps  duration,  measured  at  the  exit  of  the  gun  is 
shown  in  Figure  3  for  different  launch  phases 


Figure  2:  Beam  envelope  simulation  using  PARMELA 
Q=lpC,  Ro,rms=1.2mm,  En.ax=45MV/m,  fD=40deg, 
Bz=750Gs 
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Figure  3:  PARMELA  simulation  of  longitudinal  beam 
emittance  (•)  in  KeV  Degree,  transverse  emittance  (A)  in 
mm.mrad  and  energy  (■)  in  MeV  at  different  injection 
phase.  Q=lpC,  R=1.2mm(Gaussian),  t=6ps, 
Emax=45MV/m 
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COMPONENTS  DESCRIPTION 

The  critical  components  of  the  system  are  the  cavity, 
cryostat,  RF  system,  solenoid,  photocathode  and  laser. 
Specifications  of  each  are  given  in  the  following  sections 
RF  Cavity; 

The  superconducting  gun  is  a  1.3  GHz,  single  cell 
Nb  cavity  as  shown  in  Figure  4.  It  is  essentially  one-half 
of  an  elliptical  cell  terminated  by  an  end  wall.  The  end 
wall  has  a  domed  shape  for  added  stiffness,  but  no 
external  stiffeners.  The  cavity  was  hydro  formed  from 
sheet  RRR250  Nb  and  EB  welded.  The  niobium  cavity 
wall  thickness  is  sized  to  3.5  mm  to  operate  with  a  15  psi 
pressure  load  on  the  outside  of  the  cavity  and  vacuum  on 
the  inside,  pass  1  watt  of  laser  power  and  the  RF  siuface 
thermal  load  through  its  thickness  while  maintaining 
superconducting  temperatures.  For  this  proof  of  principle 
test  no  cavity  tuner  was  included.  Due  to  the  use  of  an  end 
wall  in  the  cavity,  both  the  cavity  drive  port  and  the 
pickup  port  are  on  the  same  side  of  the  cavity.  This  leads 
to  serious  cross  talk  during  room  temperature 
measurements,  which  are  discussed  elsewhere  in  these 
proceedings  Fortunately,  this  problem  will  diminish 
when  cool  down  to  superconducting  status. 


Figure  4:  Photograph  of  !4  cell  Nb  cavity 

Earlier  concepts  for  the  cavity  utilized  a  reentrant  nose 
to  increase  the  field  at  the  cathode,  thereby  increasing  the 
QE,  and  the  current.  This  proved  counterproductive.  The 
effect  due  to  the  radial  E  fields  forces  the  beam  spot  size 
at  the  cathode  to  be  reduced  if  the  beam  quality  is  to  be 
maintained.  The  reduced  beam  size  causes  the  power 
density  from  the  laser  to  increase.  Thermal  simulations 
show  that  with  the  reentrant  nose,  the  limit  on  allowable 
laser  power  density  actually  causes  a  reduction  in  the  laser 
power  and  hence  the  total  beam  current. 

RF  System 

The  niobium  cavity  is  expected  to  have  an  internal  Q  of 
about  7x1  o’  in  2K  superconducting  status.  With 
maximum  beam  current  the  beam  loaded  Q  is  1x10®.  The 
RF  system  is  designed  to  have  an  external  Q  around  10®. 
It  will  excite  the  cavity  to  a  maximum  gradient  of  45 
MV/m.  The  system  consists  of  a  500W  CW  amplifier 
from  PRO-COMM.  The  LLRF  system  will  operate  as  a 
PEL  (phase  locked  loop)  so  that  its  frequency  will  catch 
up  with  the  resonant  frequency  of  the  cavity.  This 


frequency  will  be  divided  16  times  to  trigger  the  laser  for 
synchronization. 

Laser: 

The  photocathode  driving  laser  is  a  commercial 
frequency  quadrupled  mode-locked  Nd:YV04  laser 
operating  at  266  nm  with  an  average  power  of  150  mW 
and  pulse  duration  of  ~6  ps.  Figure  5  shows  the 
autocorrelator  trace  of  the  2.3  eV  beam  from  this  laser, 
while  Figure  6  shows  the  UV  beam  profile.  This  UV  beam 
is  reflected  by  a  vacuum  metal  mirror  custom  dielectric- 
coated  for  266  mn,  positioned  off  axis  in  the  beam  line  to 
illuminate  the  cavity  nearly  at  normal  incidence.  The 
thickness  of  the  dielectric  layer  is  small  enough  to  avoid 
charge  build  up  yet  maintain  the  high  refleetivity.  This 
mirror  could  be  externally  manipulated  for  irradiating  the 
center  of  the  rear  surface  of  the  cavity.  Since  the  power 
density  of  this  laser  is  not  high  enough  for  laser  cleaning 
the  cavity  in  a  reasonably  short  time,  an  excimer  laser  will 
be  used  to  irradiate  the  cathode  surface  at  normal 
incidence  for  the  surface  preparation. 


delay  [ps] 


Figure  5:  Autocorrelation  signal  of  532  nm  radiation  from 
the  laser.  In  the  absence  of  saturation,  the  UV  pulse 
duration  is  expected  to  be  6  ps 


Figure  6:  UV  laser  beam  profile.  1/e  diameter  is  1  mm 

Photocathode: 

Surface  preparation  of  the  Nb  surface  is  critical  to 
maintain  high  QE.  Laser  cleaning  of  either  chemically 
etched  or  electro  polished  Nb  can  be  increased  by  two 
orders  of  magnitude  by  irradiating  with  high  intensity  UV 
laser.  Figure  7  shows  the  increase  in  the  QE  of  a  BCP  Nb 
when  irradiated  with  a  laser  beam  of  energy  density  ~  3 
mJ/mm^  pulse  duration  of  20  ns  and  photon  energy  of  5 
eV.  Detailed  information  on  laser  cleaning  is  discussed 
elsewhere  in  these  proceedings 
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Figure  7:  Electron  yield  of  BCP  sample  as  a  function  of 
266  nm  laser  energy  for  different  248  nm  cleaning 
energies.  The  QE  of  (♦)  is  5*  10'^ 

Solenoid: 

The  solenoid  is  designed  to  focus  the  electron  beam  so 
that  all  the  electrons  can  be  collected  in  the  Faraday  cup 
or  focused  onto  beam  profile  monitors  placed  at  locations 
PI  and  P2  in  Figure  2  for  emittance  measurement.  The 
measured  field  distribution  along  the  beam  axis  and  its 
dependence  on  the  solenoid  current  are  shown  in  Figures 
8  and  9  respectively. 


Longitixinal  magnetic  field  along  centric  axis  6  13.6A 


Figure  8:  Longitudinal  magnetic  field  along  the  center 
line®  13.5  A 
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Figure  9:  Measured  longitudinal  magnetic  field  as  a 
function  of  solenoid  current 

Cryostat  and  Cryogenic  System: 

The  major  components  of  the  system  include  the 
cryostat,  LHe  and  LN2  storage  dewars,  mechanical 
vacuum  pumps,  cryogenic  and  recovery  piping,  vacuum 
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piping,  valving,  instrumentation  and  controls.  The 
cryostat  consists  of  a  stainless  steel  vacuum  chamber,  a 
stainless  steel  liquid  nitrogen  vessel,  and  a  stainless  steel 
liquid  helium  vessel  with  about  40  layers  of  super 
insulation  wrapped  around  the  nitrogen  shield  and  LHe 
helium  vessel.  The  cryostat  is  designed  to  hold  about  60 
liters  of  LHe  to  run  experiment  at  2K,  while  pumped 
down,  for  about  8  hours.  The  cryostat  equipped  with 
sensors  to  monitor  inside  pressure,  temperatures  of  LHe, 
cavity,  LN2  shield,  bellow  cormecting  irmer  and  outer 
vessels.  Three  temperature  sensors  installed  at  the  same 
elevation  over  LHe  on  RF  cables  and  in  He  gas  space. 
Two  level  probes  are  to  measure  level  of  LHe  at  4.2K  and 
2K  and  one  -  level  of  LN2.  Proportional  control  valve 
installed  between  cryostat  and  vacuum  pump  is  designed 
to  maintain  automatically  a  required  cavity  temperature. 
G-10  sleeves  put  on  RF  cables  are  to  utilize  boil-off  He 
flow  to  cool  the  RF  cables  ad  exemplum  gas-cooled 
current  leads.  The  cryostat  general  arrangement  and  the 
cryostat  top  cover  configuration  are  shown  below  in 
figure  10. 


Figure  10:  Section  view  of  the  cryostat 

Status: 

The  cavity  has  been  cooled  down  to  4K.  The  frequency 
and  the  Q  of  the  superconducting  cavity  have  been 
measured  to  be  1.3  GHz  and  lO’^.  The  electron  beam 
transport  has  been  installed.  The  low  level  RF  system  has 
been  designed,  built  and  is  being  tested.  The  laser  has 
been  characterized  and  the  transport  system  is  being  built. 

This  research  is  supported  by  the  U.S.  Department  of 
Energy  under  Contract  No.  DE-AC02-98CH10886,  DE- 
AC02-98CH10886DOE,  and  SBIR  grant  DE-FG02- 
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Abstract 

The  use  of  short  laser  pulses  to  generate  high  peak 
intensity,  ultra-short  x-ray  pulses  enables  exciting  new 
experimental  capabilities,  such  as  femtosecond  pump- 
probe  experiments  used  to  temporally  resolve  material 
structural  dynamics  on  atomic  time  scales.  PLEIADES 
(Picosecond  Laser  Electron  InterAction  for  the  Dynamic 
Evaluation  of  Structures)  is  a  next  generation  Thomson 
scattering  x-ray  source  being  developed  at  Lawrence 
Livermore  National  Laboratory  (LLNL).  Ultra-fast 
picosecond  x-rays  (10-200  keV)  are  generated  by 
colliding  an  energetic  electron  beam  (20-100  MeV)  with  a 
high  intensity,  sub-ps,  800  nm  laser  pulse.  The  peak 
brightness  of  the  source  is  expected  to  exceed  10^® 
photons/s/0. 1%  bandwidth/mmVmrad^.  Simulations  of  the 
electron  beam  production,  transport,  and  final  focus  are 
presented.  Electron  beam  measurements,  including 
emittance  and  final  focus  spot  size  are  also  presented  and 
compared  to  simulation  results.  Measurements  of  x-ray 
production  are  also  reported  and  compared  to  theoretical 
calculations. 

1  INTRODUCTION 

PLEIADES  (Picosecond  Laser  Electron  InterAction  for 
the  Dynamic  Evaluation  of  Structures)  is  a  next 
generation  Thomson  scattering  x-ray  source  being 
developed  at  Lawrence  Livermore  National  Laboratory 
(LLNL).  Ultra-fast  ps  x-rays  (10-200  keV)  are  generated 
by  colliding  an  energetic  electron  beam  (20-100  MeV) 
with  a  high  intensity,  sub-ps,  800  nm  laser  pulse. 
Generation  of  sub-ps  pulses  of  hard  x-rays  (30  keV)  has 
previously  been  demonstrated  at  the  LBNL  Advanced 
Light  Source  injector  linac,  with  x-ray  beam  fluxes  of  lO’ 
photons  per  pulse  [1].  The  LLNL  source  is  expected  to 
achieve  fluxes  between  lO’  -  10®  photons  for  pulse 
durations  of  100  fs  to  5  ps  using  interaction  geometries 
ranging  from  90°  (side-on  collision)  to  180°  (head-on 
collision).  In  this  paper,  we  describe  the  first  production 
of  x-rays  using  Thomson  scattering  at  the  LLNL  facility. 

2  EXPERIMENT  LAYOUT 

The  PLEIADES  facility  consists  of  a  Ti-Sapphire  laser 
system  capable  of  producing  bandwidth  limited  laser 
pulses  of  50  fs  with  up  to  500  mJ  of  energy  at  800  nm,  an 
S-band  photo-cathode  RF  gun,  and  a  100  MeV  linac 
consisting  of  4,  2.5-meter-long  accelerator  sections.  The 


RF  gun,  which  is  driven  by  a  picosecond,  300  |Jj,  UV 
laser  that  is  synchronized  to  the  interaction  drive  laser,  is 
designed  to  produce  up  to  1  nC  of  charge  at  5  MeV  [2]. 
The  accelerator  is  then  used  to  accelerate  the  electron 
beam  to  energies  ranging  fi'om  20-100  MeV. 


Figure  1 :  Interaction  Geometry 


A  schematic  of  the  interaction  region  is  shown  in  Fig.  1. 
To  maximize  x-ray  flux  while  minimizing  effects  of 
timing  jitter,  the  laser  incidence  angle  is  180  degrees  with 
respect  to  electron  beam  direction,  though  a  90  degree 
interaction  geometry  will  also  be  possible  in  future 
experiments.  The  focal  length  between  the  final  focus 
quadrupole  triplet  and  the  interaction  region  is  10  cm  to 
allow  for  maximum  focus  strength  and  minimum  electron 
bunch  spot  size.  A  30-degree  dipole  magnet  is  used  to 
bend  the  electron  bunch  out  of  the  x-ray  beam  path 
following  the  interaction.  An  off-axis,  1.5  m  focal  length 
parabolic  mirror  is  used  to  focus  the  laser,  which, 
assuming  a  diffraction  limited  spot,  should  reach  a 
minimum  spot  size  of  about  15  |a.m  FWHM  at  the 
interaction  point.  Currently,  a  fused-silica  flat  mirror  is 
placed  in  the  x-ray  beam  path  to  serve  as  the  final  steering 
optic  for  the  laser,  though  there  are  plans  to  replace  this 
with  a  beryllium  flat,  which  will  be  more  transparent  to 
the  x-ray  beam.  The  interaction  chamber  also  serves  as  a 
diagnostic  chamber  used  for  imaging  and  streak  camera 
analysis  of  the  laser  and  electron  bunches.  The  x-rays 
have  been  measured  with  a  16  bit  CCD  array  fiber 
coupled  to  a  cesium  iodide  scintillator. 

3  ELECTRON  BEAM  SIMULATIONS 

The  electron  beamline  has  been  fully  modeled,  from  the 
S-band  photo-cathode  RF  gun  to  the  interaction  point 
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using  the  Los  Alamos  particle  dynamics  code, 
PARMELA,  and  the  electrostatic  and  electromagnetic 
field  solvers;  POISSON  and  SUPERFISH.  These  include 
simulations  of  emittance  compensation  between  the  RF 
gun  and  the  first  linac  section,  velocity  compression  of  the 
bunch  through  the  first  linac  section,  and  the  acceleration 
and  optimization  of  the  beam  energy  spread  and  emittance 
during  transport  through  the  subsequent  accelerator 
sections. 

Two  modes  of  linac  operation  have  been  investigated 
through  simulation.  The  first  is  when  the  electron  beam  is 
accelerated  on  crest  through  the  accelerator.  In  this  case, 
the  minimum  electron  bunch  length  is  about  6  ps  FWHM 
(2.5  ps  rms).  The  second  mode  of  operation  employs 
velocity  compression,  in  which  the  beam  is  injected  into 
the  first  linac  section  near  the  zero  crossing  of  the 
accelerating  field  in  order  to  provide  an  energy  chirp  to 
the  beam.  This  results  in  longitudinal  compression  of  the 
accelerated  bunch.  The  second  accelerator  section  is  then 
used  to  accelerate  the  beam  from  about  10  MeV  to  about 
35  MeV.  The  third  and  fourth  sections  can  then  be  used  to 
either  remove  a  large  portion  of  the  energy  spread  induced 
by  the  velocity  compression  process,  or  to  simply 
accelerate  the  beam  fiirther,  depending  on  the  final  beam 
energy  desired.  Fig.  2  shows  the  evolution  of  several  of 
the  beam  characteristics  determined  from  PARMELA 
simulations  for  the  case  of  a  0.5  nC  bunch  where  velocity 
compression  is  implemented.  At  the  exit  of  the 
accelerator,  the  electron  beam  normalized  rms  emittance 
is  about  3.5  mm-mrad,  the  rms  bunch  length  is  0.7  ps, 
and  the  rms  energy  spread  is  0.5  %.  While  it  is  possible 
to  compress  further,  this  bunch  length  was  chosen  to 
minimize  emittance  growth  resulting  from  the 
compression  process,  while  maximizing  x-ray  yield  from 
the  Thomson  scattering  interaction.  In  this  particular 
case,  the  final  beam  energy  is  35  MeV,  though  larger 
energies  are  possible  with  similar  results. 


Figure  2:  PARMELA  simulation  of  electron  beam 
production  from  the  RF  gun  to  the  final  focus.  Emittance 
and  spot  size  are  plotted  vs  z  position  from  the  RF  gun 
cathode. 

The  electrons  are  transported  3  meters  from  the 
accelerator  exit  and  focused  with  a  high  gradient 
quadrupole  triplet.  The  triplet  is  about  50  cm  long,  and  the 


focal  length  is  about  10  cm.  The  maximum  field  gradient 
in  the  quadrupole  magnets  is  15  T/m.  Final  focus 
simulations  were  performed  using  PARMELA  and  Trace- 
3D,  and  have  indicated  that  a  spot  size  of  abut  30  jim 
FWHM  (12  iim  rms)  should  be  obtainable  at  the  focus. 

4  EXPECTED  X-RAY  PRODUCTION 

The  expected  x-ray  production  was  calculated  by 
integrating  the  emission  probability  per  unit  time,  e/N/df, 
given  by 

—  /  =tTc  1  V  k  Jj|«^  x,i  x,t  d^x,  (1) 

where  V,  is  the  total  number  of  x-rays  produced,  n  (x,f)  is 
the  laser  photon  density,  n^xd)  is  the  electron  density, 
is  total  Thomson  cross  section,  v  is  the  velocity  of  the 
electron  beam,  and  k  is  the  wave  number  of  the  laser 
pulse.  The  calculations  were  performed  for  a  300  mJ, 
300  fs  laser  pulse  in  conjunction  with  the  PARMELA 
output  in  place  of  ne(x,t).  n  (x,/)  was  assumed  to  have  a 
Gaussian  profile  in  the  transverse  and  longitudinal 
dimensions,  and  the  Rayleigh  range  of  the  laser  focus  was 
determined  assuming  a  2  X  diffraction  limited  focus.  For 
the  electron  beam  parameters  determined  from  the 
simulation  shown  in  Fig.  2,  the  peak  x-ray  energy  is  30 
keV,  and  the  peak  x-ray  flux  was  found  to  be  about  6  x 
10^®  photons/s  with  an  integrated  photon  yield  of  about 
10  .  In  addition,  a  3-D  frequency  domain  code  [3]  was 
used  to  calculate  the  expected  spectral  bandwidth  to  be 
about  10%  on  axis,  with  a  peak  spectral  brightness  of 
about  10  photons/s/0. 1  %  bandwidth/mm^/mrad^ 

5  BEAM  MEASUREMENTS 

To  date,  electron  bunches  with  up  to  700  pC  of  charge 
have  been  produced  with  up  to  200  |tJ  of  UV  laser  energy 
incident  on  the  gun  photo-cathode.  The  beam  has  been 
transported  through  the  linac  and  accelerated  up  to  60 
MeV  without  velocity  compression.  Quad  scan  emittance 
measurements  have  been  performed  for  300  pC,  60  MeV 
bunches,  yielding  a  normalized  rms  emittance  of  9  mm- 
mrad.  The  rms  energy  spread  has  been  measured  to  be 
0.2%.  Improvements  in  emittance  are  expected  after 
planned  improvements  in  the  UV  drive  laser  uniformity 
and  optimization  of  the  electron  beam  transport. 

Both  the  electron  beam  and  the  interaction  drive  laser 
have  been  imaged  by  placing  a  metal  cube  in  the 
interaction  chamber  to  send  OTR  light  from  the  electron 
beam  and  laser  light  into  the  same  camera.  Using  a  CCD 
camera,  the  electron  beam  spot  sized  has  been  measured 
to  be  about  70  jim  rms,  while  the  laser  spot  size  has  been 
measured  to  be  about  30  pm.  This  is  about  twdce  the 
optimized  spot  size  determined  from  PARMELA 
simulations,  based  on  the  measured  beam  emittance. 
Further  optimization  of  the  final  focus  quads  should  help 
reduce  the  measured  spot  size. 
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The  synchronization  between  the  laser  and  electron 
bunches  has  been  characterized  with  a  streak  camera.  A 
schematic  of  the  measurement,  as  well  as  the  streak 
camera  image  is  shown  in  Fig.  3,  indicating  good 
temporal  overlap  of  the  two  bunches.  The  jitter  has  been 
measured  to  be  within  the  resolution  of  the  streak  camera 
(about  2  ps),  which  is  in  agreement  with  indirect  timing 
jitter  measurements  performed  by  mixing  wakefields 
produced  by  the  electron  bunch  with  a  frequency 
multiplied  photo-diode  signal  from  the  laser  oscillator. 


Figure  3:  E-beam  to  laser  synchronization  measurement. 

6  X-RAY  PRODUCTION 


Figure  4:  Measurement  of  X-ray  beam  profile.  Top;  CCD 
image.  Bottom:  Line-out  intensity  profile:  measurement 
(dots),  theory  (line). 

First  light  of  the  PLEIADES  Thomson  x-ray  source  was 
achieved  in  January,  2003.  Figure  4  shows  the  measured 
beam  profile  taken  with  the  x-ray  CCD  camera.  The 
electron  beam  energy  in  this  case  was  54  MeV,  and  the 


bunch  charge  was  about  250  pC.  The  laser  energy 
delivered  at  the  interaction  was  about  40  mJ.  The  image  is 
integrated  over  1200  shots.  The  estimated  average  photon 
count  per  shot  is  about  5  x  10“',  and  the  peak  photon 
energy  is  about  70  keV.  The  theoretical  intensity  profile 
(shown  in  the  bottom  half  of  Fig.  4)  agrees  well  with  the 
measured  profile.  The  theoretical  curve  includes  the 
broadening  effects  from  the  measured  beam  emittance  and 
the  narrowing  effects  derived  .from  the  spectral 
dependence  of  the  transmission  coefficient  of  the  laser 
turning  mirror. 

Dramatic  improvements  of  the  per  shot  x-ray  dose  are 
expected  after  improvements  in  the  electron  beam  final 
focus  optics,  maximization  of  the  IR  drive  laser  energy 
delivered  to  the  interaction  region,  and  reduction  of 
electron  beam  emittance  through  the  optimization  of  both 
the  photocathode  drive  laser  uniformity  and  the  electron 
beam  transport.  These  improvements  will  allow  for  the 
realization  of  final  focus  spot  sizes  as  small  as  10  |im  rms, 
and  the  production  of  up  to  10*  x-ray  photons  per 
collision. 


7  CONCLUSIONS 

The  PLEIADES  Thomson  X-ray  source  is  a  unique, 
high  peak  brightness  x-ray  source  that  will  be  useful  for 
ultra-fast  imaging  applications  to  temporally  resolve 
material  structural  dynamics  on  atomic  time  scales. 
Electron  beam  transport  and  x-ray  production  simulations 
have  been  performed  to  completely  model  the  theoretical 
source  performance.  To  date,  0.3  nC,  54  MeV  bunches 
have  been  focused  to  70  pm  rms  spot  sized  and  collided 
with  a  40  mJ,  30  pm  laser  pulse  to  produce  70  keV  x-rays. 
Optimization  of  the  experiment  will  include  increasing  the 
laser  energy  delivered  to  the  interaction  region  to  about 
300  mJ,  and  decreasing  the  electron  beam  emittance  to 
less  the  5  mm-mrad  rms.  This  will  enable  the 
achievement  of  a  10  pm  spot  size  at  the  interaction  and 
the  production  of  10*  x-ray  photons  per  pulse.  Once 
optimization  is  complete,  PLEIADES  should  achieve  a 
peak  x-ray  brightness  approaching  10*®  photons/s/0. 1% 
bandwidth/mmVmrad*. 
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Abstract 

In  heavy  ion  inertial  confinement  fusion  systems,  intense 
beams  of  ions  must  be  transported  from  the  exit  of  the 
final  focus  magnet  system  through  the  target  chamber  to 
hit  millimeter  spot  sizes  on  the  target.  Effective  plasma 
neutralization  of  intense  ion  beams  through  the  target 
chamber  is  essential  for  the  viability  of  an  economically 
competitive  heavy  ion  fusion  power  plant.  The  physics  of 
neutralized  drift  has  been  studied  extensively  with  PIC 
simulations.  To  provide  quantitative  comparisons  of 
theoretical  predictions  with  experiment,  the  Heavy  Ion 
Fusion  Virtual  National  Laboratory  has  completed  the 
construction  and  has  begun  experimentation  with  the 
NTX  (Neutralized  Transport  Experiment)  as  shown  in 
Figure  1.  The  experiment  consists  of  3  phases,  each  with 
physics  issues  of  its  own.  Phase  1  is  designed  to  generate 
a  veiy  high  brightness  potassium  beam  with  variable 
perveance,  using  a  beam  aperturing  technique.  Phase  2 
consists  of  magnetic  transport  through  four  pulsed 
quadrupoles.  Here,  beam  tuning  as  well  as  the  effects  of 
phase  space  dilution  through  higher  order  nonlinear  fields 
must  be  understood.  In  Phase  3,  a  converging  ion  beam  at 
the  exit  of  the  magnetic  section  is  transported  through  a 
drift  section  with  plasma  sources  for  beam  neutralization, 
and  the  final  spot  size  is  measured  under  various 
conditions  of  neutralization.  In  this  paper,  we  present  first 
results  from  all  3  phases  of  the  experiment. 

INTRODUCTION 

In  the  quest  for  heavy  ion  fusion  (HIF)  the  desire  for 
compact  cost-effective  driver  has  led  us  to  consider  beams 
with  low  kinetic  energy  and  high  current.  [1]  The  final 
focusing  of  the  beams  with  strong  space-change  self¬ 
forces  is  particularly  challenging.  The  target  and  chamber 
requirements  are  such  that  after  the  last  focusing  magnet, 
each  beam  must  drift  through  several  meters  of  target 
chamber  and  chamber-magnet  interface  regions  to 
converge  on  a  millimeter-sized  spot.  [2]  Space-change 
blowup  of  the  beam  can  be  avoided  if  a  plasma  could  be 
introduced  into  the  drift  region  to  neutralize  the  repulsive 
self-forces.  The  mainline  HIF  chamber  with  thick  liquid 
walls  has  an  equilibrium  vapor  of  a  millitorr.  Heavy  ion 
impact  ionization  of  the  background  is  a  natural  source  of 
plasma.  Once  the  target  gets  hot  (~100eV),  photons  are 
emitted  and  the  region  around  the  target  will  be  populated 
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Figure  1 :  Neutralized  Transport  Experiment  (NTX). 

with  a  volume  plasma  from  photo-ionization  of  the 
backp-ound  gas.  While  the  introduction  of  plasma  into  the 
interior  of  the  chamber  is  difficult,  it  is  straightforward  to 
inject  a  "plasma  plug"  at  the  entrance  to  the  chamber.  [3] 
The  plasma  plug  provides  a  reservoir  from  which 
electrons  are  dragged  along  as  the  ion  beam  leaves  the 
plug  and  enters  the  chamber.  The  mechanisms  of 
neutralization  with  beam-initiated  ionization  of 
background  gas,  volume  plasma,  and  plasma  plug  are 
quite  different.  Simulations  with  the  3-D  electromagnetic 
code  LSP  show  that  the  cumulative  effect  of  all  3  sources 
of  plasma  will  provide  enough  neutralization  of  the  ion 
beams  to  meet  the  mm  spot  size  requirement.  [4] 

Even  if  the  neutralization  is  100%  effective,  the  beam 
will  not  be  able  to  hit  the  small  spot  unless  the  emittance 
after  the  magnetic  final  focusing  system  is  sufficiently 
small.  Indeed  there  are  higher  order  nonlinearities  in  the 
final  focusing  system,  which  are  known  to  cause 
emittance  growth.  Chromatic  and  geometric  aberrations 
for  highly  space-charge  dominated  beams  are  areas  of 
active  ongoing  research  [5]. 

In  this  paper  we  report  on  an  experiment  to  study  the 
neutralization  physics  and  emittance  growth  in  the  magnet 
final  focus  system.  The  Neutralized  Transport  Experiment 
(NTX)  uses  singly  charged  potassium  ions  of  up  to  400kV 
and  80mA.  The  relevance  of  a  low  energy  low  current 
experiment  is  determined  by  a  key  parameter,  the  beam 
perveance  Q,  defined  as 

e=— 

Ane^T 
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where  A  is  the  line  charge  density,  and 

T  =  -Mv^ 

2 

is  the  kinetic  energy  of  the  heavy  ion.  From  simulations 
and  theory,  it  has  been  shown  that  the  essential  physics  of 
the  magnetic  aberrations  as  well  as  much  of  the 
neutralization  processes  are  determined  by  the  perveance. 

[6]  Since  the  perveance  is  the  ratio  of  the  potential  energy 

to  the  kinetic  energy  of  the  beam,  we  can  access  driver¬ 
relevant  physics  with  low  energy  beams  as  long  as  the 
experimental  perveance  values  are  driver-relevant.  NTX 
addresses  final  focus  physics  in  the  range  in 

contrast  to  previous  experiments  in  the  Q~  10”^  range 

[7] . 

INJECTOR 

The  NTX  injector  [8]  is  required  to  have  variable 
perveance  in  order  to  study  final  transport  and 
neutralization  dynamics  when  perveance  is  changed.  The 
injector  must  have  low  emittance  (£^  <  0.  XTlmm  —  mr) 

in  order  to  provide  a  sensitive  probe  of  magnetic  high- 
order  aberrations,  and  residual  fields  from  Incomplete 
neutralization.  Beam  apertuiing  is  a  technique  we 
deployed  to  achieve  the  dual  purpose  of  variable 
perveance  and  low  emittance. 


Figure  2:  A  High  brightness  apertured  beam  (300kV,  25 
mA,  2  cm  aperture). 

In  the  NTX  gun,  a  1"  hot  alumina  silicate  source 
produces  up  to  80  mA  of  singly  charged  potassium  ions  at 
400  keV  from  a  conventional  12  cm  diode  with  Pierce 
electrodes  at  the  source.  Immediately  downstream  of  the 
diode  is  an  aperture  plate  with  a  variable  hole  size 
sandwiched  axially  between  2  cylinders,  which  can  hold 
several  kV  of  negative  potential  (bias).  The  purpose  of  the 
cylinders  is  to  serve  as  an  electron  trap,  which  confines 
electrons  produced  at  the  aperture  plate  locally,  and  to 
inhibit  unwanted  beam  neutralization  away  from  the 
aperture.  In  the  ion  source  characterization  phase  of  the 
experiment,  a  diagnostic  station  downstream  of  the 
aperture  assembly  measures  the  current  with  a  Faraday 


cup  and  measures  the  line-integrated  beam  profile  and 
emittance  at  injection  with  a  slit/slit-cup  set  up.  When  the 
bias  potential  is  turned  off,  electron  neutralization  leads  to 
enhanced  current  density  on-axis  and  highly  non-uniform 
beam  profile.  However,  when  a  bias  potential  of  2  to  3kV 
is  turned  on,  a  uniform  beam  profile  is  obtained.  The 
unapertured  beam  current  follows  a  Child-Langmuir  Law 
reaching  80mA  at  400kV.  With  a  2cm  diameter  aperture; 
the  current  is  reduced  by  approximately  one  half.  A  1cm 
diameter  aperture  reduces  the  current  to  1/4  of  the  2cm 
aperture  value. 

Most  of  the  detailed  experiments  were  performed  with 
the  2cm  aperture  where  fte  current  is  25mA  at  300kV. 
The  line-integrated  beam  profile  is  parabolic,  indicative  of 
a  uniform  beam  profile,  and  the  normalized  edge 
emittance  is  measured  to  be  0.05  Jt-mm-mr,  which  is  less 
than  a  factor  of  2  above  the  source  temperature  imposed 
value.  The  beam  size,  density,  and  emittance  are  in  good 
agreement  with  EGUN  predictions  as  shovm  in  Figure  2. 
[8] 

MAGNETIC  LATTICE 

The  second  phase  of  NTX  consists  of  magnetic 
transport  with  4  pulsed  quadrupoles  [9]  enclosing  a  thin- 
wall  stainless  steel  tube  approximately  26  cm  in  diameter. 
The  half-lattice  period  is  60  cm.  Figure  3  shows  the  beam 
going  through  large  excursions  of  up  to  10  cm  in  the 
magnetic  lattice  to  reach  an  exit  condition  of  2  cm  radius 
and  20  mr  convergence  in  both  the  x  and  y  planes.  This  is 
the  desired  entrance  condition  for  the  final  neutralized 
drift  experiment. 


Figure  3:  Final  focus  lattice  for  neutralized  drift. 

The  pulsed  magnets  [10]  were  fabricated  in-house,  and 
the  conductors  were  arranged  to  minimize  unwanted 
higher  order  multipoles.  Fields  were  measured  with 
accurate  3-way  B  dot  probes,  and  the  agreement  with 
ANSYS  code  calculations  was  excellent  as  shown  in 
Figure  4. 
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Axial  profile  (measurement  vs.  ANSYS) 


Overlay  of  B(t)  in  4  quadrants  and  I(t) 
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Figure  4:  Magnetic  field  measurement. 

The  beam  size  and  angle  at  lattice  exit  were  quite 
sensitive  to  small  changes  in  quad  fields  and/or  beam 
energy.  These  changes  were  measured  optically,  and 
found  to  be  in  excellent  agreement  with  predictions  of 
WARP3D,  a  3-D  particle-in-cell  code  for  space  charge 
dominated  beam  transport.  [9]  In  Figure  5  we  show  the 
variations  with  beam  energy  (in  steps  of  3%)  of  the 
measured  beam  image  (bottom  row)  against  WARP3D 
simulations  (top  row).  - 


In  the  downstream  end  of  the  drift  section  is  an  RF 
plasma  source  [13],  which  produces  a  comparable  plasma 

density  of  up  to  10’°  /  cm^ .  The  RF  plasma  source  is 
veiy  stable  from  pulse-to-pulse.  It  is  operated  in  a  pulsed 
mode  where  short  puffs  of  Argon  gas  are  injected  into  the 
beam  region  where  ionization  by  the  RF  source  takes 
place.  By  varying  the  duration  and  timing  of  the  gas  puff, 
and  by  vaiying  the  power  of  the  RF  source,  both  the 
plasma  density  as  well  as  the  gas  density  can  be 
independently  controlled.  The  evolution  of  the  gas  and 
plasma  densities  was  well  characterized  prior  to 
installation  into  the  NTX  beamline. 

The  Langmuir  probe  measurements  of  plasma  density 
profile  were  also  extended  to  the  MEVVA  source.  The 
purpose  of  the  RF  source  dovrastream  is  to  simulate  the 
volume  plasma  from  photo-ionization  in  a  target  chamber, 
as  well  as  the  gas  effects  in  a  vapor-filled  thick-liquid- 
wall  chamber.  The  MEWA  source  and  the  RF  source 
parameters  are  varied  during  the  course  of  the 
neutralization  drift  experiments. 

The  first  drift  experiment  was  conducted  with  both 
plasma  sources  turned  off.  A  large  2cm  radius  beam  was 
measured  at  the  exit  of  the  1 -meter  drift,  consistent  with 
the  predicted  vacuum  solution.  It  should  be  noted  that  this 
solution  was  obtained  only  after  measures  to  minimize 
wall  emission  of  electrons  were  implemented.  With  the 
MEVVA  source  turned  on,  the  spot  size  was  significantly 
reduced.  The  spot  size  continued  to  decrease  as  we  tuned 
on  the  RF  source  and  gas  effects  respectively.  It  should  be 
pointed  out  that  the  interpretation  of  these  results  were 
somewhat  complicated  by  electrons  emitted  from  the 
target  scintillator  plate,  and  by  an  associated  upstream 
bias  potential  which  was  independently  controlled.  See 
Figure  6. 
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Figure  5:  Numerical  results  and  camera  Images  of 
beam  profiles  as  function  of  energy. 


NEUTRALIZED  DRIFT 

The  neutralized  drift  experiment  [1 1],  the  third  phase  of 
NTX,  is  performed  in  a  one-meter  long  pipe  installed  at 
the  exit  of  the  four-pulsed-quadrupole  section.  Two 
sources  of  plasma  were  Injected  at  the  upstream  and 
downstream  end  of  the  3"  diameter  pipe. 

The  upstream  source  is  a  MEVVA  source  [12] 
consisting  of  two  metal  vapor  arcs  that  provide  plasma 
pulses  of  ~  Injected  from  two  opposite  holes 

on  the  side  of  the  3"  beam  pipe.  The  plasma  is  not 
expected  to  be  spatially  uniform,  and  has  a  pulse-to-  pulse 
jitter  of  10%.  This  source  serves  as  a  plasma  plug  from 
which  the  ion  beam  would  extract  electrons  for 
neutralized  drift  downstream.  Theoiy  predicts  that  as  long 
as  the  plasma  density  is  much  higher  that  the  beam 
density  (which  is  the  case  in  our  experiment),  beam 
neutralization  is  insensitive  to  spatial  inhomogeneities  or 
small  pulse-to-pulse  variations.  [3] 


Figure  6:  Spot  size  dependence  on  neutralization 
mechanism.  Image  box  size  is  4cm  x  4  cm  squares. 


While  the  first  results  are  qualitatively  consistent  with 
theoretical  expectations,  quantitative  comparisons  with 
simulation  results  require  much  more  work. 

The  first  step  toward  quantitative  comparison  is  a  much 
better  characterization  of  the  4-D  phase  space  of  the 
incoming  ion  beam.  The  final  spot  size  at  target  is  very 
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sensitive  to  beam  emittance  and  details  of  the  beam  phase 
space.  We  measured  the  transverse  4-D  phase  space  with 
a  movable  pinhole  inserted  at  the  entry  plane  to  the  drift 
section,  i.e.,  at  the  exit  of  the  magnetic  lattice.  The  image 
from  the  pinhole  was  measured  at  the  focal  point.  If  the 
beam  had  zero  emittance  such  a  measurement  would  yield 
an  identical  spot  at  the  same  location  as  the  pinhole  is 
moved  around  to  sample  different  parts  of  the  entering 
beam.  In  reality,  we  measure  large  aberrations, 
particularly  at  the  beam  edge,  consistent  with  the 
prediction  of  geometric  aberrations  through  the  magnetic 
lattice.  Superposition  of  all  these  images  provides  a 
measurement  of  the  purely  ballistic  beam.  At  the  same 
time,  they  provide  information  of  the  full  4-D  phase  space 
at  entrance.  [1 1] 

CONCLUSIONS 

In  the  future,  we  expect  to  continue  detailed 
comparisons  of  LSP  simulations  with  measurements.  In 
this  regard,  a  new  diagnostic  under  development,  a  non¬ 
intercepting  electron-beam  diagnostic  [14]  to  measure  the 
beam  electric  field  profile  with  and  without  plasma),  will 
provide  much  more  detailed  information  of  the 
neutralization  dynamics  throughout  the  path  of  the 
converging  ion  beam.  While  the  experimental 
investigation  of  the  final  focusing  of  high  perveance  ion 
beams  is  still  ongoing,  the  results,  both  theoretical  and 
experimental  have  given  us  a  much  better  understanding 
of  both  magnetic  final  transport  as  well  as  neutralized 
drift.  In  the  process  of  these  investigations,  we  have 
developed  diagnostics  and  made  measurements  to  a  level 
of  detail  hitherto  unattained,  and  the  comparisons  between 
theory  and  experiments  are  quite  encouraging. 
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INTRODUCTION 

Over  the  last  years  there  have  been  several  reports 
of  quasiperiodic  bursts  of  coherent  synchrotron  radiation 
(CSR)  in  electron  rings  in  the  microwave  and  far-inftared 
range.  The  observations  were  made  on  synchrotron  radia¬ 
tion  light  sources  which  include  the  Sinchrotron  Ultraviolet 
Radiation  Facility  SURF  n  [1],  VUV  ring  at  the  National 
Synchrotron  Light  Source  at  BNL  [2,3],  second  generation 
light  source  MAX-I  [4],  BESSY  II  [5],  and  the  Advanced 
Light  Source  at  the  Berkeley  National  Laboratory  [6].  Gen¬ 
eral  features  of  those  observations  can  be  summarized  as 
follows.  Above  a  threshold  current,  there  is  a  strongly  in¬ 
creased  radiation  of  the  beam  in  the  range  of  wavelengths 
shorter  than  the  bunch  length,  \  <  At  large  currents, 
this  radiation  is  observed  as  a  sequence  of  random  bursts. 
In  the  bursting  regime,  intensity  of  the  radiation  scales  ap¬ 
proximately  as  square  of  the  number  of  particles  in  the 
bunch,  indicating  a  coherent  nature  of  the  phenomenon. 

It  is  generally  accepted  that  the  source  of  this  radiation 
is  related  to  the  microbunching  of  the  beam  arising  from 
development  of  a  microwave  instability.  The  impedance 
that  causes  the  instability  may  be  due  to  geometric  wake 
fields  from  the  vacuum  chamber,  especially  in  the  rings 
with  long  bunches  [1,2].  However,  according  to  diffrac¬ 
tion  model  [7],  the  longitudinal  impedance  falls  off  with 
the  frequency  as  and  cannot  account  for  the  instabil¬ 
ity  at  the  wavelengths  of  order  of  a  fraction  of  a  millimeter. 
It  has  long  been  known  that  the  synchrotron  radiation  it¬ 
self  generates  a  collective  force  [8]  which,  if  the  beam  cur¬ 
rent  is  large  enough,  can  alter  the  dynamics  of  the  beam. 
The  impedance  associated  with  the  synchrotron  radiation 
increases  with  the  frequency  as  A  possible  instabil¬ 
ity  due  to  this  force  has  been  pointed  out  in  Refs.  [9, 10]. 

Typically  in  rings,  the  coherent  synchrotron  radiation 
at  wavelengths  of  order  of  cr^  is  suppressed  due  to  the 
shielding  effect  of  conducting  walls  of  the  vacuum  cham¬ 
ber  [11].  However,  the  wavelengths  shorter  than  tr*  may 
not  be  shielded,  and  this  allows  to  develop  a  simple  theory 
of  the  CSR  instability  which  assumes  a  coasting  beam  ap¬ 
proximation  and  uses  a  CSR  wake  as  the  only  source  of  the 
instability  [12]. 

CSR  -  REVIEW  OF  THEORY 


For  an  ultrarelativistic  particle  with  the  Lorentz  factor  7  > 
1,  in  this  range  of  frequencies,  the  spectrum  of  the  radiation 
dP/djj  (per  unit  length  of  path)  can  be  written  as 


dw 


31/6 


(Dte: 


1/3  2 
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where  ujj  =  eB/'^mc,  with  B  the  magnetic  field,  e 
the  electron  charge,  m  the  electron  mass,  c  the  speed  of 
light,  and  F  the  gamma-function.  The  characteristic  an¬ 
gular  spread  9  of  the  radiation  with  reduced  wavelength  A 
(where  A  =  c/cj  =  1/A;)  is  of  order  of  0  ~  (A/i2)V3^ 
where  R  is  the  bending  radius,  R  =  c/uh-  Another 
important  characteristic  of  the  radiation  is  the  formation 
length  If:  If  X/0^  ~  (Aii^)^/^ — this  is  the  length 
after  which  the  electromagnetic  field  of  the  particle  mov¬ 
ing  in  a  circular  orbit  “disconnects”  from  the  source  and 
freely  propagates  away.  In  a  vacuum  chamber  with  per¬ 
fectly  conducting  walls,  whether  this  “disconnection”  ac¬ 
tually  occurs  depends  on  another  parameter,  often  called 
the  “transverse  coherence  size”,  l±.  An  estimate  for  l±  is: 
l±  ~  IfO  ^  X/9  ~  (A^il)^/®.  One  of  physical  mean¬ 
ings  of  l±  is  that  it  is  equal  to  the  minimal  spot  size  to 
which  the  radiation  can  be  focused.  Another  meaning  of 
this  parameter  is  that  it  defines  a  scale  for  radiation  coher¬ 
ence  in  the  transverse  direction.  Electrons  in  a  transverse 
cross  section  of  a  bunch  of  size  a±  would  radiate  coher¬ 
ently  only  if  <  I ±.  We  emphasize  here  that  both  pa¬ 
rameters,  l±  and  If,  are  functions  of  frequency,  with  the 
scalings  l±  oc  and  If  oc 

Closely  related  to  the  transverse  coherence  size  is  the 
shielding  of  the  radiation  by  conducting  walls:  if  the  walls 
are  closer  than  l±  to  the  beam,  the  field  lines  during  cir¬ 
cular  motion  close  onto  the  conducting  walls,  rather  than 
disconnect  from  the  charge.  This  means  that  the  radiation 
at  the  frequencies  where  l±  >  a,  where  a  is  the  pipe  radius, 
is  suppressed,  or  shielded. 

For  a  bunch  with  N  electrons,  the  radiation  of  each  elec¬ 
tron  interferes  with  others.  Assuming  full  transverse  co¬ 
herence  (a  one  dimensional  model  of  the  beam),  the  total 
radiation  of  the  bunch  is  [13]: 


du) 


bunch 


(2) 


In  application  to  the  CSR  instability,  we  are  interested 
in  the  synchrotron  radiation  at  wavelengths  of  the  order  of 
a  size  of  microbunches,  with  a  frequency  uj  typically  well 
below  the  critical  frequency  for  the  synchrotron  radiation. 


where  f{ui)  =  is  the  Fourier  transform 

of  the  longitudinal  distribution  function  of  the  beam  f{z) 
(normalized  by  f{z)dz  =  1).  The  first  term  on  the 
right  hand  side  of  Eq.  (2)  is  due  to  incoherent,  and  the 
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second  one  -  to  coherent  radiation.  For  a  smooth  distribu¬ 
tion  function  (e.g.,  Gaussian,  with  rms  bunch  length  <t*), 
the  Fourier  image  /(w)  vanishes  for  X  <  ctz,  and  the  radia¬ 
tion  is  incoherent.  However,  beam  density  modulation  with 
A  <  <Tj  would  contribute  to  f{c/X)  and  result  in  coherent 
radiation,  if  the  amplitude  of  the  perturbation  is  such  that 
|/(c/A)l>iV-i/2. 

RADIATION  REACTION  FORCE— CSR 
WAKEFIELD 

The  collective  force  acting  on  the  beam  due  to  its  co¬ 
herent  synchrotron  radiation  is  described  in  terms  of  the 
so  called  CSR  longitudinal  wake  [8, 14, 15].  For  an  ultra- 
relativistic  particle,  in  one-dimensional  approximation,  this 
wake  (per  unit  length  of  path)  is  given  by  the  following  for¬ 
mula: 

=  "34/3^2/3^4/3  • 

The  wake  is  valid  for  distances  z  such  that  R  ^  z  ^ 
R/'y^ — a  general  behavior  of  the  wake  function  including 
also  distances  z  ~  R/'y^  is  shown  in  Fig.  1.  The  wake  is 


Figure  1:  CSR  wake  as  a  function  of  distance.  A  sim¬ 
ple  formula  (3)  is  applicable  for  not  very  short  distances, 
to  the  right  of  the  minimum  of  the  wake.  The  wake 
reaches  minimum  at  2  ~  R/l^j  with  the  minimum  value 

of -0.047^ /ii2. 

localized  in  front  of  the  particle  in  contrast  to  “traditional” 
wakes  in  accelerator  physics  which  trail  the  source  charge 
[7].  This  is  explained  by  the  fact  that  the  charge  follows 
a  circular  orbit  and  the  radiation  propagates  along  chords 
getting  ahead  of  the  source.  The  wake  given  by  Eq.  (3) 
has  a  strong  singularity  at  z  — »  0.  In  calculations,  this 
singularity  is  eliminated  by  integration  by  parts  and  using 
the  fact  that  the  area  under  the  curve  w{z)  is  equal  to  zero. 

A  simple  wake  Eq.  (3)  assumes  a  small  transverse  beam 
size  [15],  <  (x  (A^i?)^/^,  and  neglects  the  shield¬ 

ing  effect  of  the  conducting  walls.  It  is  valid  only  for  long 
enough  magnets,  (magnet  ^  when  transient  effects  at 
the  entrance  to  and  exit  from  the  magnet  can  be  neglected. 
A  detailed  study  of  transient  effects  in  a  short  magnet  can 
be  found  in  Refs.  [16, 17]. 

Using  the  wake  field  Eq.  (3)  one  can  calculate  the  CSR 


longitudinal  impedance  Z: 

1 

Z{k)  =  -  j  dzw{z)e-*’‘^ 
c  Jo 


The  real  part  of  this  impedance  is  related  to  the  spectrum 
of  the  energy  loss  of  a  charge  due  to  radiation:  dP/du  = 
(e^/7r)ReZ,  see  Eq.  (1).  Plots  of  a  CSR  wake  for  a  Gaus¬ 
sian  bunch  can  be  found  in  Refs.  [14, 15]. 

CSR  INSTABILITY 

Due  to  the  CSR  wake,  an  initial  small  density  perturba¬ 
tion  6n  induces  energy  modulation  in  the  beam  SE.  A  finite 
momentum  compaction  factor  of  the  ring  converts  SE  into 
a  density  modulation.  At  the  same  time,  the  energy  spread 
of  the  beam  tends  to  smear  out  the  initial  density  perturba¬ 
tion.  Under  certain  conditions,  which  depend  on  the  beam 
current,  energy  spread,  and  the  wavelength  of  the  modula¬ 
tion,  the  process  can  lead  to  an  exponential  growth  of  the 
perturbation. 

A  quantitative  description  of  the  instability  can  be  ob¬ 
tained  if  we  assume  that  the  wavelength  of  the  perturbation 
is  much  shorter  than  the  bunch  length,  X  ffg,  and  use  a 
coasting  beam  approximation.  In  this  case,  the  dispersion 
relation  for  the  frequency  w  is  given  by  the  Keil-Schnell 
formula  [18]: 

inroc^Z{k)  r  dS{df/d6)  , 

7  J.^uj  +  ckriS  ’ 

where  n  is  the  number  of  particles  per  unit  length,  rj  is  the 
momentum  compaction  factor  of  the  ring,  ro  =  ^/rru?, 
Z{k)  is  the  CSR  impedance  given  by  Eq.  (4),  f  {S)  is  the 
energy  distribution  function  normalized  so  that  /  f{S)dS  = 
1.  To  take  into  account  straight  sections  in  the  ring,  where 
R  =  00  and  there  is  no  CSR  wake,  Z  is  replaced  with  a 
weighted  impedance:  Z  — »  ZR/ {R),  where  (R)  =  C/2n. 
The  plot  of  Rew  and  Imw  calculated  from  Eq.  (5)  for  a 
Gaussian  energy  distribution  with  an  rms  relative  energy 
spread  Jo,  and  77  >  0  is  shown  in  Fig.  2.  It  is  convenient  to 
introduce  the  dimensionless  parameter  A: 

*  I  I  R 
Inl^sluiR)' 

where  I  a  =  mc^/e  =  17.5  kA  is  the  Alfven  current.  The 
maximum  growth  rate  is  reached  at  kR  =  0.68A^/^  and  is 
equal  to  (Imw)max  =  OASA^^'^cqdo/R- 
Three  colored  areas  in  this  plot  refer  to  stability  regions 
in  the  parameter  space.  In  the  green  area  1,  the  beam  is 
stable  because  Imw  <  0  due  to  Landau  damping.  This  re¬ 
gion  corresponds  to  high  frequencies,  kR  >  2.0A®/^.  In 
the  yellow  region  2,  where  k  <  (a  is  the  trans¬ 

verse  size  of  the  vacuum  chamber),  the  instability  is  sup¬ 
pressed  by  shielding  of  the  radiation.  Finally,  at  even  lower 
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0  1  ‘2 

kR/A3^2 


Figure  2:  Plot  of  real  (blue)  and  imaginary  (red)  parts  of 
frequency  w  as  functions  of  k  for  positive  rj.  Normaliza¬ 
tion  of  the  frequency  u)  and  the  wavenumber  k  on  the  axes 
involves  the  parameter  A  defined  by  Eq.  (6). 

frequencies,  in  the  blue  area  3,  the  wavelength  of  the  in¬ 
stability  exceeds  the  bunch  length  and  the  coasting  beam 
theory  breaks  down.  The  wavy  lines  between  stability  re¬ 
gions  indicate  fuzziness  of  the  transition  boundaries  in  our 
model. 

In  table  1,  accelerator  and  beam  parameters  are  pre¬ 
sented  for  four  existing  rings,  where  the  theory  predicts 
CSR  instability.  The  parameter  It,  is  the  bunch  current 


Ring 

ALS 

VUV 

LER  KERB 

£(GeV) 

1.5 

0.81 

3.4 

V 

1.41  •  10-^ 

2.35  ■  10-'^ 

1 • 10-^ 

So 

1 

o 

5.0  •  10-« 

7 • 10-^ 

(R)  (m) 

31.3 

8.11 

480 

R  (m) 

4 

1.91 

16.3 

a  (cm) 

2 

2.1 

2.5 

h  (mA) 

30 

400 

1 

(Jz  (cm) 

0.7 

4.7 

1 

Ash  (cm) 

0.14 

0.2 

0.1 

Ath  (cm) 

4.7  •  10“^ 

0.02 

0.015 

Table  1:  Numerical  Estimates  forLER  PEP-II,  ALS,  VUV 
and  LER  KEK-B  rings 


in  the  ring.  Calculated  in  two  last  rows  of  the  table  are 
the  reduced  wavelength  Ash  =  for  the  shielding 

cutoff,  and  the  instability  threshold  Ath  =  The 

beam  is  unstable  for  perturbations  with  the  wavelengths  be¬ 
tween  27rAth  and  27rAsh. 

There  are  several  effects  that  are  neglected  in  the  simple 
theory  described  above.  First,  a  zero  transverse  emittance 
of  the  beam  was  assumed.  Second,  the  synchrotron  damp¬ 
ing  7d  due  to  incoherent  radiation  was  neglected  which 
makes  the  growth  rate  of  the  instability  somewhat  smaller, 
Imw  — »  Ima;  -  7<i  [19].  Finally,  the  retardation  effects 
were  neglected  which  is  valid  if  the  formation  time  for 
the  radiation  is  smaller  than  the  instability  growth  time, 
tf  ~  If/c  <  l/Imw.  In  most  cases  characteristic  for 
modem  rings,  those  effects  are  relatively  minor. 


NONLINEAR  REGIME 

After  initial  exponential  growth,  described  by  a  lin¬ 
ear  theory,  the  instability  comes  into  a  nonlinear  regime. 
Study  of  the  nonlinear  regime  requires  numerical  simula¬ 
tion.  Such  simulations  have  been  carried  out  in  Ref.  [20] 
where  the  authors  numerically  solved  the  Vlasov-Fokker- 
Planck  equation,  including  CSR  shielding  with  parallel 
plates,  damping  and  quantum  fluctuations  due  incoherent 
radiation. 

The  results  of  the  numerical  simulation  can  be  described 
as  follows.  Initially,  there  are  microstructures  in  the  bunch 
of  very  small  amplitude,  giving  small  Fourier  components 
with  short  wavelengths.  Above  a  current  threshold  these 
Fourier  components  build  up  exponentially  in  agreement 
with  linear  theory  described  above.  There  is  a  correspond¬ 
ing  burst  of  radiation,  but  it  is  limited  in  duration  by  a  quick 
smoothing  of  the  phase  space  distribution.  Continued  ex¬ 
ponential  growth  is  prevented  by  the  intrinsic  nonlinearity 
of  self-consistent  many-particle  dynamics,  which  also  con¬ 
tributes  to  phase  space  smoothing  through  quick  generation 
of  a  relatively  large  spectmm  of  Fourier  modes.  Within 
one  or  two  synchrotron  periods  the  microstructures  have  al¬ 
most  disappeared,  the  overall  bunch  length  has  increased, 
and  the  burst  of  coherent  radiation  is  finished.  Next,  radia¬ 
tion  damping  and  diffusion  from  the  usual  incoherent  radi¬ 
ation  gradually  reduce  the  bunch  length  and  energy  spread, 
restoring  the  conditions  for  instability  and  another  burst, 
after  a  time  somewhat  smaller  than  the  damping  time.  The 
computed  bunch  length  shows  fast  oscillations  typical  of  a 
quadrupole  mode,  while  the  envelope  of  those  oscillations 
shows  a  sawtooth  or  relaxation  pattern  similar  to  the  exper¬ 
imentally  observed  patterns. 

COMPARISON  WITH  EXPERIMENT 

A  detailed  comparison  of  the  theory  with  observations 
has  been  carried  out  in  the  experiment  at  the  Advanced 
Light  Source  (ALS),  a  1.9  GeV  electron  storage  ring  [6]. 
The  authors  presented  experimental  evidence  indicating 
that  the  instability  thresholds  predicted  by  the  microbunch- 
ing  model  correspond  to  the  observed  thresholds  for  the 
CSR  bursts.  For  different  electron  beam  energies  and 
bunch  lengths,  the  instability  threshold  was  measured  at  94 
GHz  by  microwave  detector,  and  by  Si  bolometer  (up  to 
A  =  100  ^m). 

It  was  observed  that  above  a  threshold  single  bunch  cur¬ 
rent,  bursts  of  signal  appear.  As  the  current  increases,  the 
burst  signals  increase  in  both  amplitude  and  frequency.  The 
polarization  of  the  radiation  was  measured  to  be  entirely  in 
the  plane  of  the  electron  beam  orbit,  consistent  with  the 
expected  polarization  level  of  greater  than  99.5%.  At  the 
highest  single  bunch  current,  the  bursts  appear  almost  con¬ 
tinuously.  The  plot  of  measured  threshold  current  as  a  func¬ 
tion  of  beam  energy  is  shown  in  Fig.  3.  A  good  agreement 
with  the  theory  was  found  for  two  different  wavelengths  of 
the  microbunching. 
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Figure  3:  Plot  of  threshold  current  as  a  function  of  beam 
energy  at  two  wavelengths:  A  =  2  mm  (blue  dots),  and 
A  =  3.2  mm  (red  triangles)  [from  Ref.  [6]].  Solid  lines  are 
theoretical  predictions  for  the  thresholds  obtained  from  Eq. 
(5). 

RINGS  WITH  WIGGLERS 

In  the  damping  ring  of  the  Next  Linear  Collider  [21], 
there  will  be  long  magnetic  wigglers  which  introduce  an 
additional  contribution  to  the  radiation  impedance.  The 
analysis  of  the  CSR  instability  in  such  a  ring  requires 
knowledge  of  the  impedance  of  the  synchrotron  radiation 
in  the  wiggler.  Based  on  the  earlier  study  of  the  coherent 
radiation  from  a  wiggler  [22],  in  Ref.  [23],  a  steady-state 
wake  averaged  over  the  wiggler  period  has  be  derived  for 
the  case  K'^/2  >  1  (where  K  is  the  wiggler  parameter) 
and  7  >  1.  The  most  interesting  from  the  point  of  view  of 
instability  is  a  low-frequency  part  of  the  impedance,  given 
by  the  following  formula  (per  unit  length  of  path): 


velocity  The  wake  associated  with  the  n-th  mode  is 
Wn{z)  =  2k;„cos  • 

This  wake,  for  lowest  modes,  propagates  behind  the  parti¬ 
cle.  Calculation  of  a)„,  k„,  and  Vg^n,  in  the  general  case  of 
arbitrary  cross  section  requires  numerical  solution  of  two 
coupled  partial  differential  equations  [27].  For  a  toroid 
of  round  cross  section  of  radius  a,  the  lowest  mode  has 
been  found  to  have  the  frequency  wi  =  2.12ci2^/^a“^/^, 
the  loss  factor  ki  =  2.11a”^  and  the  group  velocity 
1  —  t^s,i/c  =  l.la/R. 

Near  the  shielding  threshold,  the  CSR  instability  should 
be  treated  as  an  interaction  of  the  beam  with  single  modes, 
[28].  When  the  wavelength  of  the  mode  is  smaller  than  the 
bunch  length,  one  can  still  use  the  coasting  beam  approxi¬ 
mation,  but  one  cannot  neglect  retardation  effects.  Assum¬ 
ing  an  ideal  toroidal  chamber  with  a  constant  cross  section 
(no  straight  sections  in  the  ring),  it  turns  out  that  the  theory 
of  single-mode  instability  [28]  parallels  that  of  SASE  FEL 
(see,  e.g.,  [29]).  It  gives  the  maximum  growth  rate  of  the 
instability  for  nth  mode  equal  \/3p„w„/2  where 


’  /  C^TfK  ^ 

1-^V 

I  A  ^27  1 

c  / 

is  an  analog  of  the  Pierce  parameter  in  FELs. 

Nonlinear  regime  of  the  instability  in  this  approxima¬ 
tions  has  been  studied  in  Refs.  [28,30] 

BUNCH  COMPRESSOR 


Zwigg>cr(u;)  «  ^ 


2i ,  u) 
—  log  — 
TT  u;» 


(7) 


where  w,  =  4'y^ck^/K‘^  and  Zq  =  377  Ohm.  Eq.  (7)  is 
valid  for  w  w,. 

Results  of  the  analysis  of  CSR  instability  in  the  NLC 
ring,  taking  into  account  the  wiggler  CSR  impedance  can 
be  found  in  Ref.  [24]. 


DISCRETE  MODES  NEAR  SHIELDING 
THRESHOLD 

There  are  several  reasons  why  the  simple  theory  of  CSR 
microbunching  instability  developed  in  Ref.  [12]  is  not  ap¬ 
plicable  near  that  shielding  threshold,  A  ~  The 

most  important  one  is  that  CSR  does  not  have  continuous 
spectrum  here,  and  the  modes  that  can  interact  with  the 
beam,  are  discrete.  The  discreteness  of  the  spectrum  has 
been  demonstrated  in  early  papers  [25, 26]  for  toroids  of 
rectangular  cross  section.  A  more  recent  analysis  of  the 
shielded  CSR  impedance  [27]  extends  the  previous  treat¬ 
ment  of  the  problem  and  deals  with  arbitrary  shapes  of  the 
toroid  cross  section. 

Each  synchronous  mode  in  the  toroid  is  characterized  by 
frequency  w„,  a  loss  factor  (per  unit  length),  and  a  group 


Microbunching  due  to  CSR  induced  instability  has  been 
also  identified  in  computer  simulations  as  a  potential  dan¬ 
ger  in  bunch  compressors  [31],  where  the  energy  spread  in 
the  beam  is  extremely  small. 

The  basic  mechanism  of  the  instability  is  the  same  as 
in  rings,  with  an  additional  complication  due  to  the  energy 
chirp  in  the  beam  [32-34].  As  a  result  of  the  instability,  an 
initial  density  perturbation  in  the  beam  with  amplitude  ni 
and  a  wavelength  A,  after  passage  through  the  compressor, 
will  be  amplified  to  amplitude  TI2.  The  ratio  G  =  11,2/ ni  is 
called  the  gain  factor;  it  is  a  function  of  A.  Note,  that  the 
wavelength  of  the  perturbation  after  compression  is  smaller 
than  the  initial  wavelength  by  a  factor  of  compression  ratio. 
Unstable  wavelengths  observed  in  simulations  can  be  very 
short — of  order  of  few  microns.  It  was  found  that  both  the 
transverse  emittance  of  the  beam  and  its  energy  spread  have 
a  strong  stabilizing  effect  at  short  wavelengths. 

Calculation  of  the  gain  factor  for  combined  effect  of  both 
LCLS  bunch  compressors  was  carried  out  in  Ref.  [35],  and 
is  shown  in  Fig.  4.  The  solid  line  corresponds  to  the  rms 
energy  spread  (irms  =  3  •  10“®  and  the  dash  line  shows  the 
case  (5rms  =  3  ■  10“®.  The  lines  are  calculated  from  the 
theory,  and  squares  and  triangles  are  numerical  simulations 
which  show  a  good  agreement  between  the  two  approaches. 
Note  that  with  a  small  energy  spread,  the  maximum  ampli¬ 
fication  approaches  10,  at  wavelengths  about  80  microns 
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(after  compression,  this  wavelength  reduces  to  about  2  mi¬ 
crons).  Increase  of  the  energy  spread  by  ten  times  strongly 
suppresses  the  gain  at  short  wavelength. 


Figure  4:  Gain  factor  for  two  LCLS  bunch  compressors  as 
a  function  of  wavelength  A  of  perturbations  before  com¬ 
pression  (from  Ref.  [35]). 


CONCLUSION 

Coherent  synchrotron  radiation  in  electron  and  positron 
machines  introduces  a  universal  source  of  impedance 
which  may  become  dominant  source  of  the  wake  at  high 
frequency  where  geometric  and  resistive  wall  impedances 
become  small.  Unless  the  wall  shielding  effect  suppresses 
the  CSR,  its  impedance  remains  even  in  a  smooth  vacuum 
chamber  with  perfectly  conducting  walls,  and  can  drive  a 
microwave  instability  of  the  beam. 

Over  the  last  several  years,  there  has  been  a  remarkable 
progress,  both  theoretically  and  experimentally,  in  our  un¬ 
derstanding  of  this  microbunching  instability  and  related 
coherent  synchrotron  radiation  in  rings.  The  existing  the¬ 
ory  predicts  thresholds  for  the  instability,  and  computer 
simulations  show  nonlinear  evolution  of  the  unstable  state. 
These  theoretical  results  are  in  good  agreement  with  exper¬ 
imental  observations. 

Another  practically  important  area  of  application  of  the 
CSR  theory  is  bunch  compressors,  where  amplification  of 
an  initial  density  perturbation  can  lead  to  the  emittance 
growth  of  the  compressed  beam.  Detailed  studies  and  sim¬ 
ulations  of  microbunching  resulted  in  improved  design  of 
compressors,  with  a  deleterious  effect  of  CSR  suppressed 
to  a  tolerable  level. 
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BEAM  DYNAMICS  IN  THE  SPALLATION  NEUTRON  SOURCE  LINAC* 


D.  Jeon*'  representing  the  SNS  Project,  Oak  Ridge,  Tennessee,  USA 


Abstract 

Being  an  1.44MW  machine,  the  beam  loss  requirement 
on  the  SNS  linac  is  less  than  IW/m  and  controlling  halo 
particle  generation  is  of  great  importance.  Beam  dynamics 
aspects  of  the  SNS  linac  design  are  presented  considering 
various  halo  generation  mechanisms.  A  halo  generation 
mechanism  in  the  non-periodic  lattices  such  as  the  SNS 
linac  MEBT  (Medium-Energy  Beam-Transport  between 
RFQ  and  DTL)  is  reported.  We  find  that  the  nonlinear 
space  charge  force  resulting  fi:om  large  transverse  beam 
eccentricity  ~2:1  in  the  ~1.6-m-long  MEBT  chopper 
section  is  responsible  for  halo  formation  [1].  The 
proposed  mitigation  measures  are  modifying  the  MEBT 
optics  and  introducing  adjustable  collimators  in  the 
MEBT.  The  transient  beam  behavior  of  the  LEBT  and 
MEBT  choppers  is  also  studied  for  the  fate  of  partially 
chopped  beams. 


INTRODUCTION 

The  SNS  (Spallation  Neutron  Source)  accelerator 
system  is  designed  to  accelerate  intense  proton  beams  to 
energy  of  1-GeV,  delivering  more  than  1.4  MW 
(upgradeable  to  2  MW)  of  beam  power  to  the  neutron 
production  target  [2].  The  peak  current  in  the  linac  is 
38mA  and  the  macropulse  average  current  is  26mA.  The 
SNS  linac  has  the  following  structure;  ion  source,  LEBT 
(Low-Energy  Beam-Transport),  RFQ  (Radio-Frequency 
Quadrupole),  MEBT  (Medium-Energy  Beam-Transport), 
DTL  (Drift  Tube  Linac),  CCL  (Coupled  Cavity  Linac), 
and  SCL  (Superconducting  Linac).  A  primary  concern  is 
potential  damage  and  radio  activation  of  accelerator 
components  resulting  from  uncontrolled  beam  losses.  A 
major  source  of  loss  is  beam  halo  that  intercepts  the  bore 
of  the  linac. 

First,  beam  dynamics  aspects  of  the  SNS  linac  design 
are  presented.  A  new  halo  mechanism  and  its  mitigation 
scheme  are  presented.  The  transient  beam  behavior  of  the 
LEBT  and  MEBT  choppers  is  also  presented,  which 
shows  significant  emittance  growth. 

BEAM  DYNAMICS  DESIGN 

Aspects  of  the  SNS  linac  design  have  been  reported  [3]. 
The  following  lists  the  conditions  imposed  to  avoid  or 
minimize  halo  generation: 

•  Avoid  envelope  instabilities  by  keeping  zero 
current  phase  advance  below  90°. 

•  Minimizing  space  charge  coupling  resonance 
crossing. 

•  Making  phase  advance  per  unit  length  continuous 
for  current  independence. 

*  SNS  is  managed  by  UT-Battelle,  LLC,  under  contract  DE-AC05- 
OOOR22725  for  the  U.S.  Department  of  Energy. 

*jeond@omi.gov 


We  selected  focusing  lattice  parameters  to  avoid 
envelope  instabilities  throughout  the  linac.  The  zero 
current  phase  advance  per  period  Oot  and  CToi  never 
exceeds  90°  as  in  Fig.  1.  We  avoid  the  1:1  parametric 
resonance  by  adjusting  quadrupole  gradients  so  that  Oot 
and  Ooi  do  not  cross  except  in  the  DTL  tank  1  and  CCL 
module  4  where  matching  considerations  take 
precedence. 


Figure  1 :  Phase  advance  is  below  90°  and  resonance 
crossing  is  minimized. 


Figure  2  is  a  resonance  chart  for  the  nominal  SNS 
design  parameter,  which  includes  a  52mA  beam  current 
and  an  emittance  ratio  of  1.2.  The  contoured  peaks 
identify  space  charge  coupling  resonances.  The  shaded 
contours  indicate  the  expected  rates  of  emittance  growth 
with  5%  being  the  lowest  value  plotted.  The  two  peaks  on 
the  left  side  represent  weak  coupling  resonances  that  take 
a  long  time  to  develop  (3:1  and  2:1).  This  indicates  that 
space  charge  coupling  resonance  poses  little  risk  for  the 
current  SNS  linac  design.  Vertical  axis  is  tune  depression 
and  horizontal  axis  is  the  tune  ratio  between  transverse 
and  longitudinal  dimension. 

1.0| - ^ ^ - - -  - —i 
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Figure  2:  The  SNS  linac  tune  trajectory  on  the  resonance 
chart. 


We  make  kot  and  ko),  the  phase  advance  per  unit  length 
continuous  ttcross  all  lattice  transitions  as  shown  in  Fig.  3. 
This  design  feature  minimizes  the  potential  for 
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mismatches  and  helps  assure  a  current  independent 
design. 


HALO  GENERATION  MECHANISM 

Beam  dynamics  simulations  of  the  SNS  linac  show  that 
the  beam  halo  develops  at  low  energy,  but  some  halo 
particles  survive  acceleration  to  higher  energies  before 
being  lost  primarily  on  the  CCL  bore  as  shown  in  Fig.  4. 
This  particle  loss  at  higher  energies  results  in  radio 
activation  of  the  CCL.  In  order  to  find  ways  to  mitigate 
this  halo  related  beam  loss,  we  conducted  studies  to 
identify  the  sources  and  mechanism  of  halo  formation.  It 
turns  out  that  the  MEET  is  the  largest  contributor  to  FE 
halo  generation  in  the  SNS  linac  [1]. 
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Figure  4:  Beam  loss  along  the  SNS  linac. 
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Figure  5:  TraceSD  beam  envelope  profiles  of  MEET. 


To  better  understand  MEET  optics,  the  horizontal  (x 
curve)  and  vertical  (y  curve)  envelope  profiles  of  the 
sqrt(5)  *  rms  beam  size  in  the  MEET  are  plotted  in  Fig.  5. 
The  top  curve  is  longitudinal  envelope  profile.  The  beam 
is  squeezed  vertically  to  clear  the  vertical  deflection  plates 
of  both  the  chopper  and  anti-chopper  and  relaxed 
horizontally.  This  arrangement  is  necessary  to  have  90° 
zero-current  betatron  phase  advance  between  the  chopper 
box  and  the  chopper  target  in  the  middle,  and  between  the 
chopper  target  and  the  anti-chopper  box  as  well. 
However,  this  1.6-m-long  chopper  section  with  a  large 
beam  eccentricity  is  the  source  of  halo  formation. 


Figure  6  shows  the  electric  field  (in  arbitrary  unit)  on 
top  of  real  space  projections  of  beam  distribution  at  the 
chopper  target  (in  the  middle  of  the  MEET)  where  the 
beam  eccentricity  is  ~2:1.  The  beam  is  wide  in  x  and 
narrow  in  y.  The  Ex  becomes  nonlinear  beyond  x=0.5  cm, 
which  is  well  inside  the  core.  This  means  that  the  outer 
part  of  core  with  |x|  >  0.5  cm  (marked  as  “potential  halo”) 
is  subject  to  nonlinear  space  charge  force  and  their  phase 
advance  is  quite  different  fi-om  the  inner  part  of  the  core 
seeing  linear  space  charge  force.  The  phase  advance 
difference  over  the  1 .6-m  chopper  section  leads  to  severe 
beam  distortion  in  horizontal  phase  space.  In  the  case  of 
Ey,  only  small  fi'action  of  halo  particles  sees  nonlinear 
space  charge  force.  This  is  why  the  tail  develops  mainly 
in  x  phase  space  by  the  end  of  the  MEET. 


Figure  6:  Plots  of  E  field  and  real  space  projections  of 
beam  distribution.  The  unit  of  E  field  is  arbitrary,  x  rms 
beam  size  is  3.40mm  and  y  rms  beam  size  1.71  mm. 


Figure  7:  TraceSD  envelope  profiles  of  round  beam 


optics. 


Figure  8:  radial  beam  profile  at  171MeV  before  (the  blue 
curve,  baseline  case)  and  after  the  MEET  optics  change 
alone  (the  red  curve). 
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To  suppress  halo  formation  induced  by  large  transverse 
beam  eccentricity,  the  optics  of  lattices  should  make  the 
beam  as  round  as  possible.  For  the  purpose  of  studjdng, 
we  modified  the  entire  MEET  optics  to  reduce  beam 
eccentricity  as  shown  in  Fig.  7  (compare  with  Fig.  5). 

Making  the  beam  round  indeed  suppresses  the  halo 
formation  as  shown  in  Fig.  8  that  depicts  the  beam 
profiles  at  171  MeV  before  and  after  optics  modification. 
However,  modification  of  the  entire  MEET  optics  is  not 
viable  to  facilitate  the  beam  chopping  for  ring  injection. 
At  least  the  first  half  of  the  MEET  should  not  be 
modified,  while  the  second  half  can  be  modified. 

HALO  MITIGATION  SCHEME 

A  hybrid  scheme  is  adopted  for  halo  mitigation  that  is  a 
combination  of  alternative  MEET  optics  and  adjustable 
collimators  at  the  MEET  chopper  target. 

Alternative  MEET  optics 

In  an  alternative  design,  the  upstream  half  of  MEET 
optics  is  preserved  while  the  downstream  half  of  MEET 
optics  is  modified  for  round  beam.  The  resulting  beam 
cross  section  is  more  circular  as  shown  in  Fig.  9.  Now,  the 
anti-chopper  no  longer  restores  a  partially  chopped 
portion  of  the  beam  to  its  original  (on-axis)  position  in 
phase  space,  if  indeed  that  were  desirable.  Also,  the  beam 
now  has  a  larger  vertical  extent  and  approaches  the  anti¬ 
chopper  plates  as  designed. 
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Figure  9:  The  proposed  alternative  MEET  optics. 


Figure  10:  Radial  beam  distribution  at  l71MeV  for  the 
baseline  MEET  optics  without  collimation  (the  blue 
curve)  and  for  the  alternative  MEET  optics  without 
collimation  (the  red).  87%  of  the  beam  tail  with  r  >  9  mm 
is  removed  just  due  to  optics  change. 

This  simple  modification  to  the  optics  alone  reduces  the 
formation  of  transverse  tails  substantially  and  improves 


the  beam  quality  in  the  downstream  linac.  Figure  10 
shows  that  87%  of  the  beam  tails  with  r  >  9  mm  at 
171MeV  is  removed  (compared  with  the  blue  curve). 

MEET  scraping 

There  are  only  a  few  places  where  collimators  will  fit  in 
the  MEET.  One  convenient  place  is  at  the  chopper  target. 
Figure  1 1  shows  the  layout  of  the  MEET  with  the  chopper 
target  and  anti-chopper  box  indicated  by  arrows.  A  pair  of 
adjustable  horizontal  collimators  would  be  installed  in  the 
chopper  target  box  (at  the  red  arrow).  The  chopper  target 
itself  is  located  above  the  mid-plane  to  intercept  beam  that 
is  deflected  upward.  Collimators  mounted  on  horizontal 
actuators  will  not  interfere  with  the  function  of  the  target. 


Figure  11:  Schematic  layout  of  MEET  indicating  the 
location  of  adjustable  collimators. 


This  assembly  is  shown  schematically  in  Fig.  12.  This 
collimator  implementation  has  the  advantage  that  it  is 
readily  adjustable  to  accommodate  the  actual  beam 
conditions,  which  are  expected  to  vary  with  different 
operating  conditions  such  as  beam  current,  ion-source 
performance,  LEET,  RFQ,  and  MEET  tuning.  The  other 
advantage  is  that  the  proposed  collimators  can  be  cooled 
easily.  The  adjustable  collimators  are  designed  to  scrape 
up  to  about  20%  of  beam  power  when  they  are  made  of 
Carbon/Carbon  composite  [4]. 


Figure  12:  Schematic  drawing  of  adjustable  collimators 
and  the  chopper  target. 

Figure  13  shows  the  radial  beam  distribution  at  171 
MeV  resulting  from  this  hybrid  solution,  which  combines 
the  alternative  MEET  optics  and  the  MEET  scraping  at 
the  chopper  target.  97%  of  the  halo  with  r  >  9  mm  is 
removed  compared  with  the  baseline  case  (in  blue).  Even 
for  the  increased  peak  current  of  54mA  rather  than  38mA, 
there  is  also  an  enough  safety  margin  even  for  this  case. 
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With  the  adopted  mitigation  scheme,  we  expect  to  reduce 
uncontrolled  beam  loss  associated  with  halo  to  a 
manageable  level. 


radus  [cm] 

Figure  13:  Radial  beam  profile  at  171MeV  for  the  adopted 
hybrid  scheme  mitigating  halo  (red  curve). 

TRANSIENT  BEAM  BEHAVIOR 

Detailed  analysis  of  transient  beam  behavior  of  LEBT 
and  MEET  choppers  was  performed  [5].  The  beam  duty 
factor  of  the  SNS  linac  is  6%:  1-ms  macropulses  at  60  Hz. 
The  chopping  breaks  each  macropulse  into  1060 
minipulses  separated  by  300-ns  gaps  for  ring  extraction, 
thus  passing  68%  of  the  beam  as  illustrated  in  Fig.  14. 

Chopping,  is  done  in  two  stages:  LEBT  chopper  and 
MEET  chopper.  The  LEBT  chopper  deflects  the  beam 
into  the  RFQ,  and  the  MEET  chopper  deflects  beam 
vertically  onto  the  chopper  target.  Because  of  the  several- 
ns  rise  and  fall  time  of  the  chopper  voltage,  the  edges  of 
the  beam  gap  are  “contaminated”  with  partially  chopped 
micropulses  whose  destiny  is  of  interest. 


[  16.7ms  n/60  Hz)  I  Macro-Dulse  Train 


Figure  14.  Time  structure  of  the  SNS  beam-pulses. 


LEBT  chopper 

The  LEBT  chopper  is  a  segmented  Einzel  lens  as 
shown  at  left  in  Fig.  15.  This  segmented  electrode  is  just 
upstream  of  the  grounded  entrance  aperture  of  the  RFQ  at 
far  right  in  the  figure. 

Collectively,  the  four  chopper  electrodes  operate  at  -40 
kV  to  focus  the  beam  into  the  RFQ.  By  superimposing  +2 
kV  on  opposing  segment  pairs  we  can  arrange  to  deflect 
the  beam  toward  45°,  135°,  225°,  or  315°.  During  a  300- 
ns  chopping  gap,  the  electrodes  maintain  a  constant 


orientation.  For  a  voltage  rise  and  fall  time  of  25  ns,  up  to 
20  micropulses  in  each  gap  may  experience  only  partial 
deflection.  Operating  in  the  chopping  mode  breaks  axial 
symmetry  the  of  LEBT  fields.  For  our  beam  simulation 
studies,  we  transport  the  beam  through  the  3-D  fields  of 
the  LEBT. 


Figure  15:  LEBT  chopper  configuration. 


Figure  16:  Superimposed  phase-space  distributions  at  the 


RFQ-exit  for  4  partially  LEBT-chopped  beams. 


-4-3  -2  -1  0  1  2  3  4-4-3  -2  -1  0  1  2  3  4 
yfnnm)  y(nnm) 

Figure  17:  Phase  space  (y-y')  projections  at  the  RFQ  exit 
for  different  LEBT  voltages. 


With  the  chopper  off,  the  beam  arrives  “matched”  at  the 
RFQ  entrance.  When  the  LEBT  chopper  is  on,  the  beam 
enters  the  RFQ  off-axis  and  off-angle.  This  off  axis  beam 
results  in  significant  emittance  growth  at  its  exit  as  shovra 
in  Fig.  16. 

Figure  17  shows  the  evolution  of  the  y-y'  phase  space 
of  this  beam  at  the  RFQ  exit  during  the  LEBT  voltage 
ramp  at  0%,  30%,  50%  and  70%  of  maximum  deflection 
into  the  first  quadrant.  Blue  dots  represent  particles  that 
have  survived  the  RFQ.  During  the  ramp,  we  see  about 
ten-fold  increase  in  emittance  and  the  y-y'  projection 
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transforms  to  a  hollow  ellipse.  Red  dots  represent  the 
particles  at  the  RFQ  output  that  survived  the  MEET 
chopper  at  its  full  voltage  and  appear  at  the  entrance  to  the 
DTL.  These  particles  represent  potential  contamination  of 
the  edges  of  Ae  chopper  gap. 

MEET  chopper 

Figure  18  shows  the  y-y'  emittance  at  the  DTL  entrance 
for  four  voltages  of  MEET  acting  alone.  The  asymmetry 
of  the  unchopped  beam  reflects  the  missing  1%  removed 
by  the  chopper  target.  During  the  MEET  transient,  the 
beam  entering  the  linac  nominally  remains  within  the 
phase  space  defined  by  the  matched  beam.  However,  even 
at  full  chopper  voltage  ~16  pA  (peak)  enters  the  linac, 
which  fails  to  meet  the  gap-current  goal,  when  MEET 
chopper  acting  alone.  Nonetheless,  the  remnant  of  the 
beam  is  well  within  the  acceptance  of  the  SNS  linac. 


yfnm)  y(rmi) 


Figure  18:  Particle  coordinates  (y-y')  at  the  DTL  input  for 
various  MEET  chopper  voltage  when  acting  alone. 

We  consider  four  different  chopper-timing  sequences 
that  are  illustrated  in  Fig.  19.  The  left-hand  column  shows 
the  relative  timing  between  the  LEET  chopper  (in  red) 
and  the  MEET  chopper  (in  blue)  and  the  voltage  ramps  of 
the  two  choppers.  The  middle  column  shows  the 
corresponding  current  in  individual  micropulses  at  the 
entrance  to  the  DTL,  assuming  a  linear  relationship 
between  voltage  and  beam  current  chopped.  The  right- 
hand  colmnn  shows  the  current  intercepted  on  the  MEET- 
chopper  target  during  the  tum-on  transient.  Table  1 
summarizes  the  relative  virtues  of  the  four  options  in  Fig. 
18.  To  test  the  linear  model  we  simulated  the  performance 
for  option  1  using  10*  macroparticles. 

Option  3  is  most  attractive  because  it  minimizes  the 
potential  beam  loss  in  the  linac  while  easily  meeting  the 
chopper-target  power  limitations.  Partially  chopped  beam 
lost  at  or  near  the  DTL  entrance  corresponds  to  less  than 
0.1  W,  meeting  the  beam-loss  limit  of  1  W/m.  With  both 
choppers  at  full  voltage,  only  ~31  nA  peak  current  (1.2x 
10'*)  enters  the  DTL,  easily  meeting  the  gap  cleanliness 
requirement  of  10"*. 


t(nsec)  t(nsec)  t(nsec) 


Figure  19:  Chopper  timing  options  showing  LEET  and 
MEET  voltage  ramps,  micropulse  current  in  the  falling 
edge  of  the  chopper  gap  and  micropulse  current  on  the 
chopper  target. 


Table  1:  Linear  model  predictions  and  simulation. 


chopper  timing 
option 

1 

2 

3 

4 

simulation 


average  linac  current 
during  transient 
0*A) 

24 

54 

19 

49 

_  16 


average  MEBT  target 
power  dissipation 
(W) 

226 

0 

87 

12 

_ 208 
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Abstract 

Recently,  the  phase  transition  of  a  low-energy 
ion  beam  into  the  Coulomb-ordered  ‘ciystalline’  state 
could  be  realized  in  the  if  quadrupole  storage  ring  PALLAS 
at  the  LMU  Munich.  Thereby,  an  increase  of  the  phase 
space  density  of  the  beam,  subjected  to  longitudinal  laser 
cooling,  by  about  six  orders  of  magnitude  was  observed.  In 
this  paper,  we  focus  on  the  systematic  experimental  investi¬ 
gation  of  the  role  of  the  focusing  conditions  and  of  bending 
shear  in  the  storage  ring  on  the  attainment  of  crystalline 
beams  of  different  crystal  structure. 


,  M.  Bussmann,  D.  Habs 
D-85748  Garching,  Germany 

pendent  shear  forces  have  been  predicted  to  complicate 
the  maintenance  of  crystalline  structures  larger  than  a  one¬ 
dimensional  (ID)  string  of  ions  [2,  17,  19].  In  this  paper, 
the  focusing  conditions  for  which  crystalline  beams  are  at¬ 
tainable  in  PALLAS  are  therefore  discussed  as  a  function 
of  the  ion  beam  velocity.  Another  issue  is  that  longitudi¬ 
nal  laser  cooling  itself,  due  to  the  randomness  of  photon 
scattering,  may  cause  transverse  instabUities  of  crystalline 
beams  [18],  as  this  effect  has  been  proposed  [20]  to  have 
hindered  the  crystallization  of  dilute  ion  beams  in  the  stor¬ 
age  rings  ASTRID  (Aarhus)  and  TSR  (Heidelberg)  [16]. 


CRYSTALLINE  BEAMS 

Almost  two  decades  after  the  first  discussion  of  the 
‘crystallization’  [1,  2,  3,  4]  of  stored  ion  beams  into  a 
Coulomb-ordered  state,  this  phase  transition  could  recently 
be  realized  in  the  table-top  rf  quadrupole  storage  ring  PAL¬ 
LAS  (PAul  Laser  CooLing  Acceleration  System)  for  coast¬ 
ing  [5,  6,  7]  and  for  bunched  ion  beams  [8,  9].  The  phase 
ttansition  of  a  space-charge  dominated  ion  beam  to  the 
‘crystalline’  state  can  occur  when  the  mutual  Coulomb- 
energy  of  the  ions  overcomes  their  mean  kinetic  energy 
by  about  two  orders  of  magnitude  [1,  7].  As  typical  inter¬ 
ion  distances  of  stored  singly  charged  ions  amount  to  of 
the  order  of  10 //m,  beam  temperatures  in  the  range  of 
mK  are  required.  This  temperature  range  can  be  reached 
with  laser  cooling  [10]  provided  that  heating  mechanisms 
^  mtra-beam  scattering  (IBS)  [11,  12]  in  the  emittance- 
dommated  ‘gaseous’  regime  are  sufficiently  reduced.  This 
can  be  achieved  either  by  a  strong  dilution  of  the  ion  beam, 
as  demonstrated  by  experiments  on  electron-cooled  heavy 
ion  beams  [13,  14,  15]  and  on  laser-cooled  ®Be+  beams 
[16],  or  by  minimizing  modulations  of  the  beam  envelope, 
which  has  been  realized  with  PALLAS. 

The  crystalline  state  of  an  ion  beam  represents  the  state 
of  ultimate  brilliance  in  the  sense  that  for  given  focusing 
strength  and  ion  current,  ultimate  phase  space  densities  are 
reached  [5].  Moreover,  crystalline  beams  were  found  to  be 
rather  insensitive  to  the  strong  heating  mechanisms  (IBS) 
omnipresent  in  the  non-crystalline  regime  [5, 6].  As  these 
mechanisms  rely  on  dissipative  Coulomb  collisions,  they 
are  strongly  suppressed  in  the  crystalline  regime  [2, 1 1, 12, 
17].  Even  without  further  cooling,  no  significant  emittance 
growth  was  experienced  for  crystalline  beams  for  typically 
10'>  focusing  periods  [5, 18]. 

Yet,  the  inevitable  modulation  of  the  beam  envelope  in 
the  alternating  fields  of  a  storage  ring  and  velocity  de- 
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EXPERIMENTAL  TECHNIQUES 

A  sketch  of  the  low-energy  table-top  rf  quadrupole  stor¬ 
age  ring  PALLAS  [21]  is  given  in  Fig.  1. 

Experimental  Setup 

For  the  transverse  confinement  and  simultaneous  bend¬ 
ing  of  a  low-energy  24Mg+  ion  beam,  an  rf  voltage  Urf 
of  several  100  V  is  applied  between  the  quadrupole  ring 
electrodes,  depicted  in  Fig.  1,  at  a  frequency  fl  =  2?!  x 
6.3  MHz.  The  alternating  quadrupole  field  leads  to  a  bound 
periodic  motion  of  the  stored  particles  at  the  secular  fre¬ 
quency  u/jec  =  90/  Vs  superimposed  by  a  fast  quiver 
motion  (micro-motion)  at  the  driving  frequency  0,  where 

9  =  2eUrf  I  (mQ^rQ)  denotes  the  stability  parameter  of  the 

underlying  Mathieu  differential  equation,  e  and  m  stand  for 
the  charge  and  mass  of  the  24Mg+  ions,  tq  =  2.5  mm  for 
the  aperture  radius  of  the  quadrupole  channel. 

Similar  to  the  more  common  case  of  an  ion  storage  ring 
consisting  of  a  periodic  lattice  of  bending  and  focusing 
magnets,  the  transverse  confinement  of  the  ion  beam  in  the 
rf  quadrupole  storage  ring  PALLAS  can  be  characterized 
by  the  period  length  of  the  confining  force  and  the  corre¬ 
sponding  transverse  ion  motion.  The  number  of  focusing 
sections  per  revolution,  the  periodicity  P,  corresponds  to 
the  number  of  rf  cycles  per  revolution  P  =  n/ujrev  = 
Q.R/V  and  the  number  of  transverse  betatron  oscillations, 
the  storage  ring  tune  Q,  to  the  number  of  secular  oscil¬ 
lations  in  the  rf  field  Q  =  =  uj,ecR/v.  No- 

taoly,  both  quantities  become  velocity  dependent  in  con- 
trast  to  the  case  of  magnetic  confinement.  For  a  typical 
beam  velocity  of  v  =  2800  m/s,  the  periodicity  amounts 
to  P  w  800.  Although  the  absolute  focusing  strength  of 
the  rf  electric  focusing  is  comparatively  strong  in  PALLAS 
(u/sec  Stt  X  390  kHz  for  Q  =  50),  the  phase  advance  per 
lattice  cell  2t^  xQjP  and  thus  the  envelope  modulation  of 
the  beam  remains  moderate. 

After  the  loading  of  the  ring  with  a  cloud  of  ions  [6], 
the  resonant  light  pressure  of  the  continuously  tuned  co- 
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Figure  1:  Schematic  view  of  the  table-top  rf  quadnipole 
storage  ring  PALLAS.  The  design  orbit  of  the  ion  beam 
is  defined  by  concentric  ring  electrodes  in  quadmpole  ge¬ 
ometry  (aperture  radius  tq  =  2.5  mm).  Two  counter- 
propagating  laser  beams  are  overlapped  tangentially  with 
the  ion  orbit. 


propagating  laser  beam  (frequency  a>i(f))  is  used  to  accel¬ 
erate  a  non-crystalhne  ^‘^Mg"'’  ion  ensemble  to  a  beam  ve¬ 
locity  V  defined  by  the  fixed  frequency  W2  of  the  counter- 
propagating  laser  beam,  as  sketched  at  the  bottom  of  Fig.  2 
and  described  in  [5,  6].  The  longitudinal  velocity  spread 
of  the  ion  beam  is  efficiently  reduced  by  the  friction  force, 
resulting  from  the  combination  of  both  accelerating  and  de¬ 
celerating  forces.  No  direct  damping  of  the  transverse  ion 
motion  is  applied  which  therefore  has  to  rely  on  the  cou¬ 
pling  of  the  transverse  to  the  longitudinal  motion  by  the 
inter-particle  Coulomb  interaction. 

Ion  Beam  Crystallization 

The  fluorescence  signal  emitted  by  a  non-crystalline 
beam  (g  =  0.2)  as  a  function  of  the  relative  detuning 
Aa;i(f)  of  the  co-propagating  laser  beam  (and  thus  of  the 
beam  velocity  v)  is  shown  in  Fig.  2.  The  behaviour  dras¬ 
tically  changes  when  the  focusing  strength  is  raised  and 
the  coupling  between  the  ions  is  enhanced  (grey  curve  at 
q  =  0.31).  The  signal  first  increases  corresponding  to 
the  cooling  of  the  imtially  non-crystalline  beam.  Then, 
at  Awi(f)  w  -  25r/2,  the  signal  decreases  and  sub¬ 
sequently  rises  to  a  sharp  peak.  At  last,  the  rate  drops 
off  when  the  forces  of  the  two  laser  beams  compensate 
(Awi(f)  =  0).  For  the  ion  current  discussed  here,  this 
signature  of  the  ‘dip’  in  the  fluorescence  signal  is  charac¬ 
teristic  for  the  phase  transition  to  a  crystalline  beam.  It  can 
be  understood  as  a  vanishing  of  the  rf  heating  (IBS)  in  the 
gaseous  regime  which  else  caused  the  broadening  of  the 
velocity  spread.  With  slightly  reduced  rf  heating  the  phase 
transition  sets  in  earlier.  The  characteristic  ‘dip’  cannot  be 
resolved  any  more  (black  curve  at  g  =  0.31). 

The  phase  transition  to  the  crystalline  beam  is  further 
pinpointed  by  the  sudden  decrease  of  the  transverse  beam 
size  to  the  size  of  a  linear  string  of  ions  [5, 6],  demonstrated 
with  the  images  inserted  in  Fig.  2. 


Figure  2:  Fluorescence  signal  of  an  ion  beam  (N  = 
18,000)  as  a  function  of  the  relative  detuning  Awi(f)  of 
the  co-propagating  laser  beam  in  terms  of  half  the  natural 
transition  line  width  F  =  27r  x  42.7MHz.  In  this  non¬ 
stationary  coohng  regime,  used  also  for  the  acceleration 
of  the  ions  as  sketched  below,  the  laser  frequency  a;i(f) 
is  tuned  at  a  typical  rate  of  about  50r/s.  With  an  increase 
of  the  focusing  strength  (g  =  0.2  ^  0.31)  the  phase  transi¬ 
tion  is  induced.  The  signal  changes  markedly  as  described 
in  the  text  and  further  displayed  in  the  inserted  fluorescence 
images,  recorded  at  constant  detuning. 


Properties  of  Ion  Crystals 

The  stmcture  of  crystalline  ion  beams  was  first  studied 
in  MD  simulations  [22]  and  observed  in  experiments  with 
elongated  stationary  ion  crystals  in  ring-shaped  [23,  5,  7] 
and  linear  [24]  rf  quadmpole  traps.  It  was  found  to 
uniquely  depend  on  the  dimensionless  linear  density  A  = 
NI{2'kR) 

^  ^WS  expressed  in  terms  of  the  Wigner-Seitz  ra¬ 
dius  Ou,s  =  [l/(47reo)  X  3e^/(2mw^ej,)]^/^  to  account  for 
the  dominant  influence  of  the  charge  neutralizing  confining 
potential  on  the  average  ion  density.  The  stmcture  devel¬ 
ops  with  rising  A  from  a  string  of  ions  for  A  <  0.71  over 
a  zig-zag  band  into  three-dimensional  helical  stmctures,  as 
later  illustrated  with  Fig.  4.  Also  dynamic  properties  of 
the  ion  crystal  as  the  plasma  frequency  Wp  =  \p2wsec  are 
determined  by  the  focusing  conditions. 

The  state  of  the  stored  ion  ensemble  is  characterized  by 
the  plasma  parameter  Fp  =  l/(47r£o)  x  e^/(a„s  fcT)  the 
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rf  amplitude  [V] 

Figure  3:  Correlation  of  the  absolute  width  of  stored  ion 
beams  (not  corrected  for  the  spatial  resolution  of  the  imag¬ 
ing  system  of  about  5  (im)  and  the  applied  rf  voltage.  Crys¬ 
talline  beams  are  depicted  as  filled  (black),  non-crystalline 
beams  as  open  (grey)  symbols.  For  crystalline  beams,  the 
solid  contour  lines  of  constant  linear  density  A  separate  re¬ 
gions  of  different  crystal  stracture.  At  the  dashed  line,  the 
energy  contained  in  the  driven  transverse  motion  equalizes 
the  melting  temperature  of  crystalline  beams.  The  grey 
lines  illustrate  transition  paths  (marked  a,b,c)  from  the  non¬ 
crystalline  to  the  crystalline  state  (constant  N). 


ratio  of  the  energy  of  the  mutual  Coulomb  repulsion  to  the 
thermal  energy.  Large  three-dimensional  ensembles  are  ex¬ 
pected  to  be  in  the  crystalline  state  for  Fp  >  178  while 
surface  dominated  ensembles  like  ion  beams  may  require 
higher  values  [26].  For  the  case  of  the  sample  crystalline 
beam  presented  above,  the  linear  string  (A  «  0.4),  the  ve¬ 
locity  spread  and  thus  the  plasma  parameter  was  measured 
[5]  to  Fp  >  500,  well  within  the  crystalline  regime. 

SYSTEMATIC  STUDIES 

In  Fig.  3,  the  transverse  width  cr'"  of  crystalline  (filled 
symbols)  and  non-crystalline  beams  (open  symbols)  of  dif¬ 
ferent  particle  numbers  N  is  plotted  against  the  applied  rf 
voltage  Urf.  The  phase  transition  from  the  non-crystalline 
to  the  crystalline  state  can  be  followed  for  two  typical  cases 
(grey  lines).  In  (a),  a  reduction  of  the  focusing  strength, 
which  was  initially  chosen  rather  high  for  the  preparation 
of  the  beam,  lead  to  a  reduction  of  the  rf  heating  of  the 
gaseous  beam  and  thus  to  a  reduction  of  the  transverse 
width  down  to  the  point  where  the  crystallization  occurred 
for  a  given  cooling  strength.  Especially  for  beams  of  low 
linear  density,  the  focusing  strength  had  to  be  at  first  re¬ 
duced  to  a  point  where  the  width  of  the  beam  expanded  in 
order  to  reduce  rf  heating.  A  quick  increase  in  the  focusing 
strength,  increasing  the  coupling  between  the  longitudinal 
and  the  transverse  motion,  then  lead  to  the  crystallization 
of  the  beam  (b),  similar  to  the  sample  situation  discussed 
above  [5].  Both  phases  are  possible  for  identical  focusing 
conditions  (hysteresis). 


With  the  use  of  the  relation  oc  \/A  (solid)  con¬ 

tour  lines  are  drawn  for  the  threshold  values  of  constant 
linear  density  [23].  In  this  way,  the  classification  of  the 
crystalline  beams  (filled  symbols  only)  relies  on  the  deter¬ 
mination  of  the  width  of  the  beam  and  of  the  rf  voltage 
Urf  [6],  both  of  which  are  known  to  better  than  ±  5%  The 
alternative  classification,  based  on  the  ion  number  N,  is 
expressed  by  the  different  symbols. 


Focusing  requirements 

Crystalline  beams  were  observed  to  occur  only  in  a 
curved  band  in  the  {Urf  -  ct‘=)  diagram  (filled  symbols  in 
Fig.  3  [6]).  Although  the  time-averaged  focusing  force 
is  exactly  canceled  by  the  space  charge  force  of  a  crys¬ 
talline  beam,  the  constituent  ions  are  forced  to  oscillate  in 
the  transverse  plane  because  of  the  discrete  (or  in  this  case 
time-dependent)  periodic  focusing  [27].  Following  Schif- 
fer  [17],  an  apparent  temperature  can  be  assigned  to  the 
spread  of  this  transverse  motion 


V  (7-=  7  V  j?  J  2p2 

^  AQ^ 

47r£oOu,5  6 


(1) 


This  relation  can  be  rewritten  for  an  apparent  plasma  pa- 
rameterF/pp  «  oc  {P/Qf/X. 

The  curvature  of  the  band  in  Fig.  3  follows  the  dashed 
line,  which  is  based  on  the  argument  that  the  apparent  tem¬ 
perature  equalizes  the  melting  temperature,  or  that  F{pp  w 
180.  Yet,  it  has  to  be  emphasized  that  this  driven  periodic 
transverse  motion  in  the  quadrupole  potential  should  not 
be  automatically  regarded  as  random  or  thermal  motion. 
It  was  shown  in  simulations  [19,  28]  as  well  as  in  experi¬ 
ments  [5, 18, 14]  that  the  eneigy  transfer  from  the  periodic 
to  the  random  motion  is  strongly  suppressed  compared  to  a 
non-crystalline  ensemble.  Thus,  crossing  this  line  does  not 
immediately  lead  to  the  melting  of  a  crystalline  beam.  On 
the  other  hand,  for  beams  which  are  not  sufficiently  cold 
the  coupling  of  collective  motion  into  random  motion  is 
expected  to  increase  and  to  hinder  the  crystallization. 

The  same  curved  bands  of  stability  dominate  the  graphs 
in  Fig.  4.  In  these  (A  -  Q)  diagrams,  upper  and  lower 
limits  of  the  focusing  strength  can  be  distinguished.  The 
lower  focusing  limit  appears  to  be  rather  constant  for  3D 
beams  but  considerably  raises  for  the  lower  dimensional 
crystalline  beams.  This  effect  is  believed  to  be  due  to  the 
specific  cooling  scheme,  based  on  direct  longitudinal  laser 
cooling.  Below  the  limiting  focusing  strength  the  ion  den¬ 
sity  and  thus  the  coupling  between  the  transverse  and  the 
longitudinal  degrees  of  freedom  becomes  too  low  to  pro¬ 
vide  sufficient  sympathetic  transverse  cooling.  Thus,  the 
tendency  was  to  raise  the  focusing  strength  in  order  to  in¬ 
crease  the  coupling  up  to  the  point  where  the  depth  of  the 
transverse  modulation  of  the  crystalline  beam  sets  the  up¬ 
per  limit. 
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Figure  4:  The  focusing  conditions  for  which  crystalline  ion 
beams  of  different  linear  density  A  and  thus  of  different 
structure  (as  illustrated  below)  were  attainable  in  PALLAS 
are  illustrated  (grey  shaded  area)  for  three  beam  velocities. 
In  each  of  the  three  graphs,  the  dashed  line  corresponds  to 
the  one  in  Fig.  3,  the  dotted  and  dash-dotted  lines  indicate 
the  increasing  influence  of  bending  shear  with  rising  veloc¬ 
ity  as  explained  in  the  text.  Few  solid  lines  indicate  paths 
from  the  non-crystalline  to  the  crystalline  state  or  to  beam 
losses  (crosses),  respectively. 


This  upper  limiting  focusing  strength  lies  more  than  a 
factor  of  three  below  the  value  at  which  an  excitation  of 
bulk  modes  of  the  3D  crystalline  beam  is  expected  to  occur. 
Their  characteristic  frequency  is  close  to  the  plasma  fre¬ 
quency  u)p  =  Usee  [25].  To  avoid  an  excitation  of  such 
bulk  modes  in  the  oscillating  fields  of  the  storage  ring,  the 
lowest  possible  side-band  of  the  driving  frequency  (fl — Wp) 
has  to  exceed  twice  the  eigen-frequency  Up  or  Q  >  2up, 
which  translates  into  the  often  discussed  maintenance  crite¬ 
rion  P  >  2V2  Q  [17, 12].  This  criterion  is  always  fulfilled 
in  PALLAS,  where  P  =  y/SQ/q  and  q  <  0.9  for  a  sinu¬ 
soidal  rf  driving  voltage,  but  difficult  to  meet  in  the  existing 


heavy  ion  storage  rings  like  TSR  with  (Q  =  2.8,  P  =  2). 

The  above  criterion  is  not  restricted  to  crystalline  beams 
but  part  of  a  more  general  approach  to  envelope  instabilities 
of  space-charge  dominated  teams.  There,  the  latter  condi¬ 
tion  corresponds  to  the  first  half-integer  stop  band  (Math- 
ieu  instability)  or,  in  other  words,  to  the  condition  that  the 
phase  advance  per  lattice  cell  (or  per  rf  period)  must  not 
exceed  27r/2v^  [29,  30].  For  emittance  dominated  (non¬ 
crystalline)  beams,  the  phase  advance  per  unit  cell  has  to  re¬ 
main  below  7r/2  [29, 30].  This  criterion  is  important  for  the 
generation  of  crystalline  beams  starting  from  the  gaseous 
phase  and  independent  from  the  treatment  of  heating  due 
to  intra-beam  scattering. 


Bending  shear 

In  addition  to  the  previous  presentation,  the  focusing 
conditions  are  now  discussed  for  the  three  different  beam 
velocities,  depicted  in  the  three  separate  graphs  of  Fig.  4. 
Obviously,  crystalline  beams  of  higher  linear  density  could 
only  be  attained  for  the  lowest  beam  velocity  of  u  = 
1650  ms  For  higher  team  velocities,  and  especially 
for  V  =  4000  ms“'^,  the  beams  were  lost  when  the  focus¬ 
ing  strength  was  decreased  into  a  region  where  crystalline 
beams  had  been  attainable  at  lower  velocities.  Surpris¬ 
ingly,  the  lower  focusing  limit  for  the  highest  linear  den¬ 
sities  seems  to  appear  at  a  tune  of  Q  «  45  independent 
from  the  beam  velocity. 

Continuous  bending  of  a  crystalline  beam  extending  into 
the  horizontal  plane  (A  >  1)  implies  that  the  beam  has  to 
propagate  with  constant  angular  velocity  to  maintain  its 
crystalline  order  [2,  17,  19].  The  consequence  of  cool¬ 
ing  the  beam  to  constant  linear  velocity  was  illustrated  by 
Schiffer  [17]  assigning  an  apparent  temperature  T^pp  to  the 
mean  centrifugal  energy  spread  of  the  beam 


47r'^  A 
47reo  Owe  9 


,  (2) 


which  can  be  related  to  an  apparent  plasma  parameter  as 
^app  ^  0-7  Q^/A.  When  the  beam  is  laser-cooled  to  con¬ 
stant  linear  velocity,  this  energy  spread  is  fully  transferred 
into  random  motion.  This  condition  translates  into  the 
lower  limit  of  the  focusing  strength  as  a  function  of  the 
linear  density,  that  is  indicated  by  the  dash-dotted  lines  in 
Fig.  4.  It  rises  with  increasing  beam  velocity  in  the  same 
way  as  the  experimental  observations.  This  agreement  is 
emphasized  by  the  dotted  lines  which  result  from  a  multi¬ 
plication  of  the  latter  limit  by  a  factor  of  1.5.  The  factor 
could  be  interpreted  as  taking  into  account  only  the  trans¬ 
verse  degrees  of  freedom  in  Eq.  2.  It  seems  that,  at  present, 
bending  shear  prohibits  the  attainment  of  large  crystalline 
stmetures  already  above  velocities  of  around  2500  m/s  in 
PALLAS. 

However,  to  a  certain  degree,  an  already  existing  crys¬ 
talline  beam  has  been  expected  to  withstand  the  bending 
due  to  its  natural  shear  elasticity,  characterized  by  the  sec¬ 
ular  frequency  Usec  divided  by  A  [2,  17].  In  this  model. 
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the  condition  for  a  crystalline  beam  to  resist  bending  shear 
becomes  Q  >  A,  as  the  characteristic  frequency  (w^ec/A) 
has  to  remain  higher  than  the  driving  revolution  frequency 
cjrev  Thus,  no  evidence  for  this  ‘stiff  beam  limit’  has  been 
found  in  the  present  experiments. 

Cooling  the  ion  beam  to  constant  angular  velocity  could 
help  to  unambiguously  decipher  the  role  of  bending  shear 
in  the  observed  velocity  dependence  of  the  lower  focusing 
limit.  Due  to  the  comparatively  low  ion  velocity  in  PAL¬ 
LAS,  this  cooling  scheme  could  be  accomplished  by  merg¬ 
ing  the  ion  and  laser  beams  inside  a  segmented  drift  tube 
similar  to  the  method,  realized  earlier  for  the  measurement 
of  the  longitudinal  velocity  spread  [5].  In  the  fringe  field 
of  a  segmented  drift  tube,  the  change  in  ion  energy  slightly 
depends  on  the  displacement  from  the  ideal  ion  orbit  so  that 
constant  angular  velocity  can  be  transformed  into  constant 
linear  velocity  and  vice-versa.  The  ion  beam  can  be  cooled 
to  constant  linear  velocity  locally  inside  the  drift  tube  and 
propagate  at  constant  angular  velocity  outside. 

CONCLUSIONS 

Crystalline  ion  beams  of  different  stmcture  were  attained 
starting  from  non-crystalline  beams,  which  were  subjected 
to  longitudinal  laser  cooling.  Integer-tune  stop-bands  had 
to  be  crossed  when  the  secular  motion  was  frozen  out. 
Promisingly,  no  effect  of  this  forbidden  crossing  of  res¬ 
onances  was  experienced.  For  the  specific  laser  cooling 
scheme,  the  coupling  between  transverse  and  longitudind 
motion  came  out  to  be  cmcial  especially  for  the  lower¬ 
dimensional  beams  and  to  require  higher  focusing  strength. 
Direct  transverse  cooling  -  tough  non-trivial  to  achieve  [31] 
-  should  improve  this  situation  [7]. 

The  coupling  of  the  driven  transverse  motion  into  ther¬ 
mal  motion  seems  to  set  an  upper  limit  (Q  oc  \/A)  to  the  ap¬ 
plicable  confinement  strength.  This  limit  was  observed  to 
be  about  a  factor  of  three  lower  than  the  established  main¬ 
tenance  criterion  P  >  2x/2  Q,  a  fact  that  further  raises  the 
demands  on  the  ‘smoothness’  of  the  lattice  of  a  high-energy 
storage  ring. 

With  cooling  to  linear  velocity,  bending  shear  gains  im¬ 
portance  with  increasing  beam  radius.  The  first  experimen¬ 
tal  findings,  that  the  attainment  of  large  crystalline  beams 
becomes  more  difficult  (or  even  impossible)  with  rising  ion 
beam  velocity  agrees  with  simple  models  (Q  oc  1/V^). 
Scaling  the  present  result  according  to  Eq.  2,  storage  rings 
of  several  100  m  radius  (and  considerably  high  tune)  are 
required  to  maintain  helical  stmctures  at  about  v/av  0.1 
unless  a  method  for  cooling  to  constant  angular  velocity 
can  be  found. 

More  generally,  bunched  beam  laser  cooling  will  be  the 
method  of  choice  for  the  anticipated  attainment  of  dense 
crystalline  ion  strings  at  relativistic  energies,  as  the  huge 
Doppler-shift  only  allows  for  counter-propagating  laser  and 
ion  beams.  A  test  experiment  is  currently  prepared  for  the 
ESR  of  GSI,  where  a  beam  of  Li-like  C^+  ions  at  a  ve¬ 
locity  of  v/c  =  0.47  will  be  subjected  to  a  combination 


of  transverse  electron  and  longitudinal  laser  cooling.  With 
the  operation  of  larger  heavy  ion  synchrotrons  (SIS  300  at 
GSI),  laser  cooling  of  Li-like  ions  of  the  order  of  uranium 
becomes  possible  with  fascinating  possibilities  for  the  for¬ 
ward  scattering  of  laser  light  into  the  keV  range.  On  the 
other  hand,  the  application  of  refined  cooling  techniques 
could  strongly  enhance  the  luminosity  of  radioactive  beam 
colliders,  presently  under  discussion. 
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Abstract 

Collective  interactions  of  the  beam  with  itself  and  with 
its  periodic  lattice  surroimdings  in  high  intensity 
accelerator  rings,  such  as  PSR  and  SNS,  can  lead  to  beam 
growth,  halo  generation,  and  losses.  These  interactions 
also  provide  a  rich  source  of  dynamic  phenomena  for 
analytical,  computational,  and  experimental  study.  With 
continuing  increases  in  model  development  and  computer 
power,  a  number  of  sophisticated  codes  are  now  capable 
of  detailed  realistic  studies  of  collective  beam  dynamics 
in  rings.  We  concentrate  here  on  a  computational 
examination  of  high  intensity  beam  dynamics  in  SNS. 
These  studies  include  the  effects  of  the  accelerator  lattice, 
space  charge,  impedances,  losses  and  collimation,  and 
magnet  errors. 

OVERVIEW 

High-intensity  proton  rings  are  characterized  by  low 
energy,  high  intensity  beams,  and  by  low  loss 
requirements.  Collective  effects  due  to  space  charge  and 
Wakefields  strongly  affect  the  beam  behavior,  and  single 
particle  models  do  not  suffice.  Because  of  the  complexity 
of  collective  phenomena  for  bunched  beams  in  high- 
intensity  rings,  a  computational  approach  is  productive  for 
theoretical  studies  and  indispensable  in  solving  detailed 
design  and  engineering  problems.  Recognizing  this, 
accelerator  physicists  fi'om  ORNL,  BNL,  and  Fermilab 
have  been  developing  an  object-oriented  general-purpose 
code,  ORBIT  [1,2]. 

ORBIT  is  designed  specifically  for  beam  dynamics 
calculations  in  high-intensity  rings.  Its  intended  use  is  the 
detailed  simulation  of  realistic  accelerator  problems, 
although  it  is  equally  applicable  to  idealized  situations. 
ORBIT  is  a  particle-in-cell  tracking  code  in  6D  phase 
space  that  transports  bunches  of  interacting  particles 
through  a  series  of  nodes  representing  elements,  dynamic 
effects,  or  diagnostics  that  occur  in  the  accelerator. 
ORBIT  has  been  designed  to  simulate  real  machines:  it 
has  detailed  models  for  strip-foil  injection  including 
painting,  scattering,  and  nuclear  processes;  RF  focusing 
and  acceleration;  symplectic  transport  through  various 
magnetic  elements  with  optional  hard-edge  fringe  fields; 
alignment  and  field  errors,  closed  obit  calculation,  and 
error  correction;  longitudinal  and  transverse  impedances; 
longitudinal,  transverse,  and  three-dimensional  space 
charge  forces;  feedback  stabilization  of  instabilities; 
beam-in-gap  cleaning,  collimation,  and  limiting  apertures; 
and  the  calculation  of  many  useful  diagnostic  quantities. 

ORBIT  has  been  applied  to  a  variety  of  problems  in 
high  intensity  rings.  TTiese  include  investigations  in  basic 
ring  physics,  diverse  applications  to  the  design  and 


analysis  of  the  SNS  ring,  analysis  of  emittance 
measurements  in  the  CIS  at  Indiana  University,  extensive 
studies  of  the  dynamics  behind  the  beam  broadening  at 
high  intensity  in  PSR  at  Los  Alamos  National  Laboratory, 
and  simulation  of  space  charge  effects  at  injection  in  the 
Fermilab  Proton  Driver  Study  II.  Because  of  the 
understanding  of  PSR  beam  broadening  gained  using 
ORBIT,  correction  of  the  driving  n=4  lattice  harmonic  is 
currently  under  study.  Some  of  these  applications  are 
described  in  Refs.  [3-8].  More  recently,  ORBIT  is  being 
applied  to  study  space  charge  effects  during  injection  into 
the  Fermilab  Booster  Ring.  This  work  is  of  importance 
because  the  Booster  is  the  intensity  bottleneck  in  the 
Fermilab  accelerators,  and  because  a  significant  fraction 
of  the  losses  in  the  Booster  occur  during  the  first  three 
milliseconds. 

In  addition  to  the  PSR  harmonic  correction  and 
Fermilab  Booster  calculations,  present  applications  of 
ORBIT  focus  on  the  use  of  the  new  and  computationally 
demanding  physics  models  to  study  and  reoptimize  as 
realistically  as  possible  injection  scenarios  in  the  SNS 
Ring.  The  product  of  these  studies  will  be  a  total  foil  to 
target  simulation  picture  of  the  injection,  accumulation, 
and  ring  to  target  transport  processes.  This  simulation 
picture  will  actually  consist  of  a  whole  series  of 
calculations  to  differentiate  and  understand  the  effects  of 
foil  scattering,  single  particle  transport,  fringe  fields, 
errors  and  error  correction,  space  charge,  impedances,  and 
collimation.  Ultimately,  the  goal  is  to  optimize  the 
injection  with  respect  to  losses  and  beam-on-target,  which 
requires  varying  the  painting  scheme,  lattice  tunes, 
chromaticities,  and  collimation  scraper  settings.  We  now 
present  initial  results  of  this  study. 

SNS  FOIL  TO  TARGET  SIMULATIONS 

To  begin  the  SNS  foil  to  target  studies,  we  consider  the 
SNS  lattice  with  the  nominal  bare  tunes  (Q,,  Q^)  =  (6.23, 
6.20),  no  chromaticity  correction,  and  1.44  MW  beam 
power,  which  corresponds  to  a  final  bunch  of  1.5*10“ 
protons.  The  calculations  include  the  effects  of  the  strip 
foil  and  painting,  symplectic  single  particle  transport  with 
hard  edge  fringe  fields,  dual  harmonic  RF  focusing, 
longitudinal  and  transverse  impedances,  space  charge, 
apertures  and  collimation,  and  magnet  errors  and 
correction.  The  first  task  was  to  determine  the 
computational  requirements  imposed  by  convergence  of 
the  space  charge  model.  For  the  SNS  Ring,  with  bunch 
length  in  excess  of  160m  and  slow  variation  in 
longitudinal  density,  the  2.5D  transverse  and  separate 
longitudinal  space  charge  model  are  sufficiently  accurate 
unless  transverse  impedance  effects  become  important. 
The  space  charge  convergence  tests  were  conducted  with 
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the  transverse  impedance  set  to  zero.  For  ORBIT’ s  three 
space  charge  models,  the  grid  resolution  and  the  number 
of  particles  were  varied  until  convergence  was  achieved. 
The  resulting  grid  sizes  and  numbers  of  particles  were 
64x64  mesh  and  159000  particles  for  the  2.5D  direct  force 
space  charge  solver,  256x256  mesh  and  530000  particles 
for  the  2.5D  potential  space  charge  solver,  and 
256x256x64  mesh  and  1590000  particles  for  the  3D 
solver.  The  difference  in  requirements  between  the  2.5D 
direct  force  and  potential  solvers  is  a  result  of  the 
necessity  of  taking  a  derivative  to  obtain  the  force  when 
the  potential  solver  is  used.  Figure  1  shows  the  horizontal 
emittance  profiles  of  the  final  accumulated  beam  at  the 
l*10  Mevel  for  the  converged  cases  of  the  three  space 
charge  models,  and  it  is  clear  that  unless  the  transverse 
impedance  generates  instabilities  that  necessitate  a  3D 
treatment,  either  of  the  2.5D  models  is  adequate. 


Figure  1.  Percentage  of  beam  with  emittance  exceeding 
the  value  indicated  for  the  2.5D  direct  force  solver  (red) 
with  159000  particles,  the  2.5D  potential  solver  (green) 
with  530000  particles,  and  the  3D  solver  (blue)  with 
1590000  particles. 


In  order  to  determine  if  the  3D  space  charge  treatment 
is  necessary,  the  transverse  impedance  was  set  to  that  of 
the  ring  extraction  kicker,  which  is  the  dominant 
impedance  in  the  ring,  and  a  3D  space  charge  calculation 
was  conducted.  The  results  indicated  transverse  stability 
at  1.44  MW  (the  instability  threshold  is  at  about  2  MW), 
so  the  2.5D  direct  force  transverse  space  charge  model  is 
suitable  for  these  studies. 

The  next  step  was  optimization  of  the  injection  scheme 
and  placement  of  the  adjustable  primary  collimators.  The 
injection  painting  was  previously  optimized  for  a  2  MW 
beam  and  correlated  horizontal  and  vertical  bumps. 
Because  the  present  studies  are  carried  out  for  1.44  MW, 
a  smaller  transverse  beam  can  be  painted.  In  addition,  by 
splitting  the  settings  of  two  of  the  families  of  arc 
quadmpoles,  which  are  nominally  equal,  the  beta 
functions  at  critical  locations  can  be  varied  while 
maintaining  constant  tunes  and  achromatic  arcs.  Studies 
were  conducted  varying  both  the  size  of  the  painted  beam 
and  the  arc  quadrupole  settings,  and  a  new  reference  case 
was  determined.  The  result  was  a  correlated  painting 
scheme  86%  the  size  of  the  optimized  2  MW  case  and 


equal  arc  quadrupole  settings.  Figure  2  shows  the 
incoherent  tune  footprint  at  the  end  of  injection. 
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Figure  2.  Incoherent  tune  footprint  at  the  end  of 
accumulation  for  1.44  MW  beam  power. 


Figure  3.  Controlled  and  uncontrolled  beam  losses  in  the 
SNS  Ring,  as  calculated  by  the  ORBIT  collimation 
model. 


We  use  this  result  to  determine  the  placement  of  the 
adjustable  collimation  beam  scrapers  to  collect  at  most 
1.0*10  ’  of  the  beam,  thus  preventing  uncontrolled  beam 
loss.  With  placement  of  the  primary  scrapers  at  140-162 
pi-mm-mrad,  less  than  1.0*10''  of  the  beam  is  scraped  in 
this  case,  and  the  collimation  efficiency  for  the  scraped 
beam  is  above  90%.  Figure  3  shows  the  results  of  a 
power  deposition  calculation,  using  the  ORBIT 
collimation  package,  for  losses  around  the  ring  due  to 
collimated  beam.  Because  such  a  small  portion  of  the 
beam  was  lost  in  the  dynamic  calculation,  this  collimation 
calculation  was  carried  out  by  artificially  forcing 
emittance  growth  to  generate  beam/scraper  interaction. 
The  power  deposition  scale  is  based  on  a  normalization  of 
1.0*10’  of  the  1.44  MW  beam  impacting  the  scrapers. 
The  results  here  show  that  the  SNS  collimation  system 
collects  about  90%  of  the  scraped  beam  as  controlled  loss. 
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Another  important  consideration  is  the  beam  footprint 
on  the  target.  Engineering  considerations  require  at  least 
90%  of  the  beam  to  land  in  a  20cm  x  7cm  rectangle  on  the 
target  face  with  a  maximum  current  density  not  exceeding 
250mA/mm^.  We  use  ORBIT  to  transport  the  final 
accumulated  beam  through  the  Ring  to  Target  Beam 
Transport  line  and  through  the  target  window,  modeled  as 
a  solid  4mm  steel  collimator,  and  finally  to  the  target. 
Figure  4  shows  a  contour  plot  of  the  beam  current  on 
target  as  calculated  by  ORBIT.  For  this  case,  91%  of  the 
accumulated  beam  Mis  into  the  20cm  x  7  cm  rectangle 
and  the  peak  beam  current  is  179mA/mm*. 


Figure  4.  Beam  current  on  target  as  calculated  by  ORBIT. 


We  are  now  extending  this  initial  work  to  include  a 
comprehensive  study  of  alignment  and  field  errors  in 
bends  and  quadrupoles.  In  the  first  of  these  studies,  we 
considered  the  effect  of  uniformly  distributed  random 
quadrupole  alignment  errors.  At  the  anticipated  level  of 
±0.25  mm  random  errors,  beam  losses  remain  below 
1*10‘*,  but  at  twice  that  level  beam  losses  increase 
rapidly.  For  the  case  of  ±1.0  mm  randomly  distributed 
quadrupole  alignment  errors,  56%  of  the  beam  was  lost 
during  injection.  After  correcting  these  errors  using  the 
ORBIT  error  correction  model  on  a  pencil  beam  to  set  the 
dipole  corrector  strengths,  the  losses  for  injection  again 
fell  back  to  less  than  1*10'*. 

As  a  different  application  of  ORBIT  to  SNS,  we 
consider  the  possibility  of  painting  round  beams.  We 
accomplish  this  by  setting  the  bare  tunes  equal  at  (Q^,  Q^) 
=  (6.23,  6.23)  and  using  the  chromaticity  sextupoles  to 
correct  to  zero  chromaticity.  The  injection  scheme  is  also 
modified  to  simultaneously  bump  the  coordinates  and  the 
perpendicular  momenta  with  the  time  dependence  chosen 
to  give  a  uniform  density  distribution.  The  resulting 
distribution  has  essentially  linear  transverse  space  charge 
forces  and  will  remain  elliptical  (circular  if  the  tunes  are 
equal)  under  transport.  Figure  5  shows  the  particle 
distribution  for  a  round  beam  at  1.44  MW  intensity.  As 
these  studies  progress,  they  will  be  expanded  to  a  wide 
range  of  cases  and  issues,  including  other  working  points, 
higher  beam  intensities,  and  other  injection  schemes,  such 
as  round  beams. 


Round  Beam  After  Injection 

T - 1 - 1 - 1 - r 


-40  -20  0  20  40 

_ Horizontal  Coordinate  x  fmm] _ 

Figure  5.  Round  beam  transverse  distribution  following 
injection. 
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EFFECT  OF  STIMULATED  AND  THERMAL  DESORPTION  IN  DARHT-2 
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Abstract 

The  DARHT-2  aecelerator  generates  a  2  kA,  18  MeV, 
2  /xsec  flat-top  electron  beam.  The  beam  risetime  is  about 
700  ns,  and  a  “beam  cleanup  zone”  (BCUZ)  has  been  de¬ 
signed  to  scrape  off  these  mismatched  electrons.  Experi¬ 
ments  on  DARHT-1  (which  has  a  60  ns  flat-top)  have  pro¬ 
vided  exeellent  quantitative  data  on  stimulated  and  thermal 
desoiption  of  neutral  monolayers  on  various  metal  surfaces 
by  multi-MeV  electrons.  We  have  used  these  data  in  the 
particle-in-cell  code  Lsp  to  model  the  production  of  ions 
from  the  walls  of  the  DARHT-2  BCUZ.  The  effect  of  these 
ions  on  the  transport  of  the  main  beam  pulse  is  discussed. 


INTRODUCTION 

The  DARHT-2  linear  induction  accelerator  [1]  is  de¬ 
signed  to  produce  a  2  kA,  18  MV,  2  ^s  flat-top  electron 
beam.  The  injector  is  driven  directly  by  a  Marx  bank,  and 
has  a  long  voltage  risetime;  1-99%  in  700  ns.  As  a  result, 
there  is  a  considerable  amount  of  beam  charge  which  is 
mismatched  to  the  solenoid  transport  channel.  The  design 
of  a  “beam  cleanup  zone”  (BCUZ)  to  filter  out  this  charge 
was  previously  described  [2].  In  this  paper,  we  present 
a  computational  estimate  of  the  ion  charge  produced  by 
beam  electrons  striking  the  walls  of  the  BCUZ.  The  com¬ 
putational  model  uses  data  from  experiments  carried  out  on 
DARHT-1  [3],  a  companion  accelerator  with  a  60  ns  beam 
pulse  [1]. 


COMPUTATIONAL  MODEL 

Beam  Generation 

The  DARHT-2  injector  geometry  is  shown  in  Fig.  1. 
A  10  m  sections  of  beam  pipe  is  modeled  in  2  j-D  using 
the  electromagnetic  particle-in-cell  (PIC)  simulation  code 
LSP[4].  The  transmission  line  attached  to  the  radial  bound¬ 
ary  at  Tak  in  Fig.  1  produces  the  voltage  pulse  shown  in 
Fig.  2  [5].  The  cathode  is  treated  as  a  zero-work-function, 
space-charge-limited  emitter.  Emitted  electrons  are  given 
a  transverse  temperature  corresponding  to  the  surface  tem¬ 
perature  (w  1000°  C).  The  beam  electrons  pass  through  the 
accelerating  gaps  and  solenoidal  fields  of  the  first  eight  ac¬ 
celerating  cells.  As  in  the  physical  accelerator,  each  gap 
in  the  simulation  is  powered  by  a  separate  transmission 
line  attached  at  the  boundary  (Ti-Ts  in  Fig.  1).  The  ac¬ 
celerating  voltage,  also  shown  in  Fig.  2,  is  based  on  the 
experimentally-measured  voltage  trace  [5].  The  magnetic 
tune,  shown  in  Fig.  3  was  chosen  to  avoid  any  beam-loss 
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Figure  1:  Geometry  of  desorption  calculation,  showing  in¬ 
jector,  8  accelerating  gaps,  and  BCUZ.  The  beam  is  shown 
at  the  flat-top  energy  and  current. 


Figure  2:  Voltage  pulse  applied  to  AK  gap  (green)  and  to 
accelelerating  gaps  (red).  The  latter  has  been  multiplied  by 
10  for  scaling  purposes. 


Figure  3:  Axial  magnetic  field  tune  used  in  Fig.  1. 
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in  the  aceelerating  cells,  and  to  scrape  off  the  beam-head  in 
the  BCUZ[2].  In  the  simulation,  we  see  no  beam  loss  until 
the  start  of  the  BCUZ,  about  6  meters  from  the  cathode. 


Ion  Generation  Model 

When  energetic  electrons  strike  a  solid  surface,  they  can 
generate  neutral  molecules  and  ions.  There  are  two  mecha¬ 
nisms  for  generating  neutrals:  stimulated  desorption  (BSD) 
and  thermal  desorption.  Ions  can  be  generated  directly  by 
BSD  and  by  a  two-step  process  of  neutral  desorption  fol¬ 
lowed  by  ionization.  In  LSP,  these  processes  are  modeled 
by  the  following  equations: 


dN2 

dt 

dN+ 

dt 

d{N2  +  N+) 


dt 


dNj 

dt 


^cr^Na  -t-  JVfli/exp  | 

'  Qb^ 
.  Tj 

l(l) 

ilfT+N 
e  “ 

(2) 

dNa 

dt 

(3) 

^-aiNd 

e 
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where  N2  is  the  area  density  of  desorbed  neutral  particles, 
Na  is  the  area  density  of  adsorbed  particles,  is  the  area 
density  of  desorbed  ions,  N,  is  the  area  density  of  ions 
due  to  gas-phase  ionization,  crj,  crj  and  at  are  the  cross- 
sections  for  stimulated  desorption  of  neutral  species,  stim¬ 
ulated  desorption  of  ionized  species,  and  gas-phase  ioniza¬ 
tion  of  the  neutral  species,  respectively,  je  is  the  electron 
current  density  striking  the  wall,  t/  is  a  thermal-desorption 
rate-constant  (typically  10^®  s“^),  Qt  is  the  binding  energy 
of  the  adsorbed  material  in  eV,  and  T  is  the  surface  temper¬ 
ature  in  eV. 

In  the  calculation,  we  initialize  the  surfaces  with  one 
monolayer  (10^®  cm“^)  of  neutral  water.  In  the  DARHT- 
1  experiments  [3],  the  stimulated  neutral  desorption  yield, 
Na<r2<  was  measured  to  be  in  the  range  0. 1-0.2,  and  the 
adsorbed  inventory  was  estimated  to  be  about  1  monolayer, 
mainly  consisting  of  water.  Thermal  desorption  became 
significant  when  the  surface  temperature  increased  by  300- 
400°  C.  Roughly,  a  desorption  rate  of  one  monolayer/ns  oc¬ 
curs  when  the  surface  temperature  reaches  Qb/9  eV,  which 
corresponds  to  about  630  K  (ss  330  °  C  above  room  temper¬ 
ature)  for  Qb  =  0.5  eV,  a  typical  value  for  water  vapor  [6]. 
At  room  temperature  (300  K)  the  desorption  rate  is  a  factor 
of  2  X  10'*  smaller. 

Neutrals  produced  by  either  stimulated  or  thermal  des¬ 
orption  can  be  ionized  by  subsequent  beam  electrons.  We 
use  the  gas-phase  cross-section  for  water  molecule  ioniza¬ 
tion  by  relativistic  electrons:  ai  =  0.9  x  10”*®  cm^  [7]. 
Water  is  known  to  “crack”  under  electron  impact,  produc¬ 
ing  significant  fractions  of  OH+  and  H+,  in  addition  to 
H2O+  [8].  We  have  not  ineluded  these  species  in  the  cal¬ 
culation. 

Direct  stimulated  production  of  ions  was  not  measured 
in  the  DARHT-1  experiments.  Typically,  the  cross-section 
for  producing  ions  is  much  less  than  that  for  neutrals  [9]. 


Figure  4:  Beam  (blue)  and  H2O+  (orange)  distributions  at 
t  =  1000  ns;  cf.  Fig.  1 . 


Figure  5:  Ratio  of  ion  (H2O+)  charge  to  beam  charge  vs. 
zatt  =  1000  ns,  within  a  radius  of  1.5  cm  (red  line).  The 
axial  solenoidal  magnetic  field  in  kilogauss  is  overplotted 
(black).  Horizontal  scale  is  in  cm. 


We  have  used  a  value  crj"  =  O.OlcrJ  =  2  x  10”*®  cm^  in 
the  calculation. 

EFFECT  ON  THE  ELECTRON  BEAM 

Ions  resulting  from  stimulated  desorption  or  from  ion¬ 
ization  of  desorbed  neutrals  can  affect  the  tune  and  stabil¬ 
ity  of  the  electron  beam.  A  snapshot  of  the  particle  dis¬ 
tribution  alt  =  1000  ns  is  shown  in  Fig.  4.  By  this  time, 
about  1000  fiC  of  beam  electron  charge  has  stmck  the  wall, 
yielding  about  2  /iC  of  stimulated  ion  charge.  Taking  the 
line-ratio  of  stimulated  ion  charge  to  beam  charge  within 
a  radius  of  1.5  cm  from  the  axis,  we  get  the  results  shown 
by  the  red  line  in  Fig.  5.  The  dominant  contribution  to  the 
ion  line-density  is  from  stimulated  ions.  The  number  of 
ions  generated  from  desorbed  neutrals  is  much  less:  the 
surface  temperature  rises  by  at  most  50°  C,  as  shown  in 
Rg.6.  From  Fig.  7  is  clear  that  the  ions  have  a  large  effect 
on  the  beam  exiting  the  BCUZ.  We  can  convert  the  line- 
charge  ratio  /  to  an  equivalent  magnetic  field  through  the 
relation 

Beff  w  ZAy/2v^f  /vb  kG  (5) 
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Figure  6:  Surface  temperature  rise  (K),  in  the  BCUZ  region 
at  the  end  of  the  beam  risetime. 


Figure  7;  RMS  beam  radius  at  z  =  938  cm  with  (red  line) 
and  without  (black  line)  the  effect  of  desorbed  ions. 


where  u  is  Budker’s  parameter  for  the  beam  current  and 
n  is  the  beam  radius  in  cm.  Thus,  the  first  peak  in  /  in 
Fig.  5  is  roughly  equivalent  to  a  1  kG  field  extending  over 
30-40  cm,  comparable  to  the  actual  focusing  solenoids  in 
Fig.  5. 

CONCLUSIONS 

Beam  deposition  on  the  walls  of  the  DARHT-2  beam 
cleanup  zone  generates  ions  through  direct  stimulated  des¬ 
orption  and  through  neutral  desorption  followed  by  impact 
ionization.  For  lack  of  data,  the  stimulated  ion  yield  used 
in  the  calculation  is  a  free  parameter.  For  a  sample  value 
equal  to  1%  of  the  measured  neutral  yield,  there  is  a  large 
disruption  of  the  beam.  Experimental  data  on  the  stimu¬ 
lated  ion  yield  is  needed  to  make  a  prediction  for  how  large 
the  effect  will  be  in  the  actual  machine. 
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BEAM-BEAM  INTERACTION,  ELECTRON  CLOUD,  AND  INTRABEAM 
SCATTERING  FOR  PROTON  SUPER-BUNCHES 

F.  Ruggiero,  F.  Zimmermann,  CERN,  Geneva,  Switzerland; 

G.  Rumolo,  GSI  Darmstadt,Germany;  Y.  Papaphilippou,  ESRF  Grenoble,  France 


Abstract 

Super-bunches  are  long  bunches  with  a  flat  longitudinal 
profile,  which  could  potentially  increase  the  LHC  luminos¬ 
ity  in  a  future  upgrade.  We  present  example  parameters  and 
discuss  a  variety  of  issues  related  to  such  super-bunches, 
including  beam-beam  tune  shift,  tune  footprints,  crossing 
schemes,  luminosity,  intrabeam  scattering,  and  electron 
cloud.  We  highlight  the  benefits,  disadvantages  and  open 
questions. 


INTRODUCTION 

About  20  years  after  the  CERN  ISR  stopped  colliding 
protons  against  protons,  its  luminosity  has  not  yet  been 
reached  by  any  of  the  succeeding  hadron  colliders.  The 
impressive  performance  of  the  ISR  is  illustrated  in  Table  1. 


Table  1 :  Parameters  of  past  and  present  hadron  colliders. 


collider 

commiss. 

date 

energy  per 
p  [GeV] 

peak  lum.  L 
[10^^  cm“^s“^] 

ISR 

1970 

31 

1.4 

SppS 

1980 

315 

0.06 

Tevatron 

1987 

980 

0.4 

RHIC 

2000 

100 

0.02  (pol.) 

The  Large  Hadron  Collider  (LHC)  at  CERN  is  sched¬ 
uled  to  come  on  line  in  2007.  With  a  design  energy  of 
7  TeV,  it  aims  at  a  luminosity  of  10^^  cm~^s“'^,  which  is 
70  times  the  ISR  peak  value.  A  recent  feasibility  study  for 
an  LHC  upgrade  [1]  indicates  various  possibilities  to  fur¬ 
ther  increase  both  luminosity  and  energy. 

A  characteristic  feature  of  the  ISR  is  that,  unlike  any  of 
the  later  machines,  it  collided  coasting  (i.e.,  unbunched) 
beams,  at  a  high  current.  In  a  multi-TeV  collider,  like  the 
LHC  or  its  upgrade,  this  is  not  possible,  since  we  must 
provide  an  abort  gap  without  beam,  for  machine  protec¬ 
tion  and  beam  removal,  and  the  total  current  is  limited  by 
synchrotron  radiation  heat  load.  Nevertheless,  there  is  a 
way  to  mimic  the  ISR.  Namely,  we  can  produce  a  quasi¬ 
coasting  beam,  if  we  confine  one  or  several  long  bunches 
with  a  uniform  (‘flat’)  density  profile  by  a  barrier  rf  bucket 
The  collisions  of  such  super-bunches  was  first  proposed  by 
K.  Takayama  for  a  VLHC  [2].  It  is  made  feasible  by  recent 
advances  in  rf  technology  [3]. 

From  the  beam  dynamics  perspective,  super-bunches  of¬ 
fer  three  distinct  advantages:  (i)  A  partial  cancellation  be¬ 
tween  central  and  long-range  components  of  the  beam- 
beam  tune  shift,  which  is  realized  by  colliding  the  beams 
at  two  interaction  points  (IPs)  with  alternating  (orthogonal) 


planes  of  crossing,  so  that  the  crossing  planes  are  either 
horizontal  and  vertical,  respectively,  or,  for  example,  tilted 
at  45°  and  135°.  The  second  arrangement  is  called  ‘in¬ 
clined  hybrid’  crossing,  (ii)  Absence  of  PACMAN  bunches 
at  the  head  or  tail  of  a  bunch  train,  which,  for  conven¬ 
tional  bunched  beams,  encounter  an  irregular  number  of 
long-range  collisions  and  could  suffer  from  a  reduced  beam 
lifetime  or  enhanced  emittance  growth,  (iii)  The  possibility 
of  avoiding  beam-induced  multipacting  and  electron-cloud 
build  up.  However,  at  the  same  time  the  particle-physics 
detectors  face  new  challenges,  e.g.,  an  increased  number  of 
pile-up  events  and  an  enhanced  radiation  damage,  which  is 
intrinsically  linked  to  the  higher  luminosity. 

Prospects  and  beam  dynamics  for  super-bunches  in  an 
upgraded  LHC  have  been  discussed  in  detail  in  [4]. 

LUMINOSITY  AND  TUNE  SHIFT 

Hadron  colliders  are  limited  by  the  beam-beam  tune 
shift.  Based  on  the  SPS  experience,  a  maximum  total  tune 
shift  AQtot  (sum  over  all  IPs)  of  0.01  appears  to  be  a  re¬ 
alistic  and  conservative  upper  value  and  has  been  the  de¬ 
sign  criterion  for  the  LHC.  For  a  constant  beam-beam  tune 
shift,  the  LHC  luminosity  with  alternating  crossing  at  two 
IPs  can  be  raised  above  the  nominal  value  by  increasing 
the  product  of  bunch  length  and  crossing  angle  roughly  in 
proportion  to  the  bunch  population  [5].  Figure  1  suggests 
that  a  factor  5-6  increase  in  luminosity  may  be  attainable 
for  Gaussian  bunches. 


Figure  1:  Relative  increase  in  LHC  luminosity  vs.  rms 
length  (or  crossing  angle)  for  Gaussian  or  hollow  bunches, 
maintaining  a  constant  beam-beam  tune  shift  with  alter¬ 
nating  crossing;  axes  are  normalized  to  the  nominal  bunch 
length  t7zo  =  7.6  cm  and  crossing  angle  0co  =  300  /rrad, 
and  to  the  luminosity  at  the  beam-beam  limit  (Lq  «  2.3  x 
10®^  cm“^s“^)  [5]. 
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As  also  shown  in  Fig.  1 ,  an  additional  factor  of  1 .4  can  be 
gained  by  colliding  bunches  with  a  flat  longitudinal  profile, 
e.g.,  super-bunches,  instead  of  Gaussian  bunches.  In  both 
cases,  the  parameter  region  of  interest  is  (1)  an  rms  bunch 
length  much  larger  than  the  transverse  beam  size  a*,  i.e., 
a*  <  0-2,  (2)  a  large  Piwinski  parameter  »  1, 

and  (3)  a  full  crossing  angle  9  which  is  small  compared 
with  1  but  larger  than  the  rms  IP  beam  divergence,  or 
^  <  1.  In  this  regime,  the  luminosity  for 
Gaussian  bunches  in  [5]  simplifies  to  [4] 

r  Gaussian  ^  /collTCjV  •  ^2 

where  /coii  is  the  bunch  collision  frequency,  and  tiq  the 
normalized  \-a  emittance.  The  expression  for  a  uniform 
bunch  of  length  Iflat  is  identical,  only  that  is  replaced  by 
The  total  tune  shift  for  either  profile  is  [4]: 


^Qtot 


TT  7(7*0 


(2) 


where  A  denotes  the  (peak)  line  density.  Combining  (1), 
or  its  equivalent  for  a  uniform  bunch,  with  (2)  confirms 
that  the  luminosity  for  a  flat  profile  is  -^2  higher  than  for  a 
Gaussian  bunch  of  equal  total  tune  shift  and  charge  [4]. 

Super-bunches  are  only  one  way  to  create  a  flat  profile; 
another  possibility  are  shorter  ‘hollow  bunches’,  already 
available  from  the  PS  booster  [6]. 

Table  2  compares  the  nominal  and  ultimate  LHC  design 
parameters  with  three  tentative  options  for  a  luminosity  up¬ 
grade.  All  upgrades  employ  a  reduced  ,  and  promise  lu¬ 
minosities  a  factor  7-9  above  nominal.  In  the  second  right¬ 
most  column  we  consider  a  large  ‘Piwinski  parameter’,  i.e., 
o’z0/(27*)  »  1,  with  enhanced  crossing  angle  and  bunch 
current,  but  still  keep  2808  bunches.  The  two  sets  of  num¬ 
bers  in  this  column  refer  to  either  Gaussian  bunches  (up)  or 
to  uniform  bunches  (down).  The  far  right  column  contains 
parameters  for  a  single  super-bunch. 

Figure  2  shows  the  transverse  diffusion  rate  (increase 
of  action  variance  per  turn)  on  a  logarithmic  scale,  ob¬ 
tained  from  a  weak-strong  beam-beam  model  as  in  [8], 
for  super-bunches  colliding  at  two  different  crossing  an¬ 
gles  in  two  orientations.  For  0  =  1  mrad,  the  diffusion 
rate  is  much  smaller  than  in  the  nominal  LHC,  and  there  is 
no  threshold  ‘diffusive  aperture’  as  for  the  latter  (see,  e.g., 
[8]).  Figure  3  displays  tune  footprints,  calculated  for  ampli¬ 
tudes  up  to  lOcr  by  a  frequency-map  analysis  [9].  Gaussian 
and  super-bunches  are  compared  for  two  different  crossing 
schemes.  The  maximum  tune  excursions  are  smaller  for 
super-bunches  and  for  inclined  hybrid  crossing. 

ELECTRON  CLOUD 

A  further  important  benefit  of  super-bunches  is  an  al¬ 
most  complete  suppression  of  the  electron-cloud  build  up 
and  the  associated  heat  load.  If  the  beam  profile  is  uni¬ 
form,  only  photo-electrons  generated  at  the  very  end  of  the 
bunch  passage  can  be  accelerated  and  acquire  energy  in  the 


Table  2:  Nominal  and  ultimate  LHC  parameters  compared 
with  those  for  three  hypothetical  LHC  upgrades  based  on 
either  large  Piwinski  parameter  or  super-bunches  [1].  The 
normalized  transverse  emittance  (la)  is  3.75  /xm,  and  the 
beam  energy  7  TeV,  for  all  the  cases  shown. 


parameter 

nom. 

ult. 

upgrades 

no.  of  bunches  ns 

2808 

2808 

2808 

1 

rms  bunch  length 

7.6 

7.6 

7.6, 

7500 

Oz  [cm] 

4.2 

rms  energy  spread 

1.1 

1.1 

1.1, 

5.8 

[10-'*] 

3.7 

beta  at  IP  [m]  /?* 

0.5 

0.5 

0.25 

0.25 

crossing  angle 

300 

315 

485 

1000 

0  [^rad] 

beam  current 

0.56 

0.86 

1.3, 

1.0 

4  [A] 

1.3 

luminosity  L  [10®‘* 

1 

2.3 

7.3, 

9.0 

cm-^s”*] 

9.7 

as  IBS  growth  time 

134 

86 

56, 

1712 

•riBS  M 

674 

ompHlude  (ff^) 


Figure  2:  Simulated  diffusion  rate  vs.  amplitude  for  intense 
super-bunches  of  A  =  8.8  x  10^^  m”^  [4]. 


beam  field.  All  other  electrons  traverse  a  quasi-static  beam 
potential  without  any  net  energy  gain. 

As  an  illustration.  Fig.  4  shows  the  heat  load  per  meter, 
simulated  assuming  10%  linearly  rising  and  falling  bunch 
edges,  as  a  function  of  the  super-bunch  length.  The  lu¬ 
minosity  is  held  constant,  equd  to  6  x  10^^  cm~^  s~^  at 
P*  —  0.25  m  and  0  =  300  /xrad,  by  decreasing  the  num¬ 
ber  of  bunches  (and  increasing  their  spacing)  in  proportion 


HoilKHltalTune 


Figure  3:  lYine  footprints  comparing  x  -  y  (red)  and 
inclined  hybrid  crossings  (blue)  for  nominal  Gaussian 
bunches  at  0  =  300  /xrad  O^ft)  and  intense  super-bunches 
of  A  =  8.8  X  10^^  m~^  with  0=1  mrad  (right)  [4]. 
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to  the  bunch  length.  The  maximum  available  cooling  ca¬ 
pacity  in  the  LHC  arcs  is  about  1  W/m.  For  total  bunch 
lengths  of  1  m  or  higher,  the  electron-cloud  heat  load  be¬ 
comes  insignificant,  even  at  a  maximum  secondary  emis¬ 
sion  yield  as  large  as  Jmax  =  1-4.  This  should  be  compared 
with  the  nominal  LHC,  where  (5max  <  1-2  is  required,  or 
with  alternative  upgrade  options  entailing  a  larger  number 
of  bunches,  where  even  for  =  1.1  the  cooling  budget 
is  exceeded  [1]. 
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constant  luminosity 
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full  bunch  length  (m) 


Figure  4:  Simulated  heat  load  in  an  LHC  arc  dipole  due  to 
the  electron  cloud  vs.  super-bunch  length  for  =  1-4, 
and  A  =  8  X  10“  m-^  [7]. 


We  have  simulated  the  emittance  growth  due  to  the  in¬ 
teraction  with  an  electron  cloud  for  Gaussian  and  uniform 
bunches  of  identical  rms  length  (75  mm)  and  bunch  pop¬ 
ulation  [4].  The  emittance  growth  of  the  uniform  bunch 
is  about  2  times  smaller  than  for  the  Gaussian.  The  main 
difference,  aside  from  the  bunch  profile,  is  the  longitudinal 
dynamics.  The  regular  Gaussian  bunch  is  held  in  a  sinu¬ 
soidal  rf  bucket,  where  all  particles  oscillate  at  about  the 
same  synchrotron  tune  Qs  =  0.0116.  The  super-bunch 
is  confined  by  steep  rf  barriers,  so  that  its  synchrotron 
tune,  Qs  =  (2/flat),  depends  linearly  on  the  parti¬ 

cle  momentum  5  (where  /flat  is  the  full  bunch  length,  C  the 
cirumference,  Qc  the  momentum  compaction).  The  larger 
synchrotron-tune  spread  has  a  stabilizing  effect. 

INTRABEAM  SCATTERING 

An  important  emittance-growth  mechanism  in  hadron 
colliders  is  intrabeam  scattering  (IBS).  The  difference  in 
IBS  growth  rates  between  a  Gaussian  bunch  and  a  super¬ 
bunch  arises  solely  from  integrating  the  square  of  the  lon¬ 
gitudinal  density  A(s).  The  relation  between  the  two  IBS 
growth  rates  is 


1  ^  2^/nas  Afc.flat  1 

1^6, Gaussian 

assuming  that  the  momentum  spread  is  the  same.  Then, 
for  equal  bunch  population  Nb  and  /flat  =  V^cTz,  both 
luminosity  and  IBS  growth  rate  of  a  uniform  (super-)bunch 
are  y/2  times  larger  than  for  a  Gaussian  bunch.  IBS  growth 
rates  can  be  calculated  by  MAD  [10],  which  computes  the 
Bjoiken-Mtingwa  expressions  [1 1],  or  estimated  by  further 


approximating  the  simplified  formula  of  [12]  as 

1  ^  _  ^/^rrlcNb{log)  1 _ 

^ib1.5  ~  dt  ^  Si^el/^/flataf  ^  ’ 

and  <  Wx  >  /(ex't'iBs.i)*  where  (log) 

denotes  the  Coulomb  logarithm,  and  <  Hx  >  the  average 
dispersion  invariant.  In  Fig.  5,  these  estimates  are  com¬ 
pared  with  the  exact  MAD  computation  as  a  function  of 
the  momentum  spread.  The  agreement  is  extremely  good 
for  the  transverse  plane.  Longitudinally,  there  is  a  discrep¬ 
ancy  up  to  30%  for  large  values  of  as,  which  is  due  partly 
to  our  rough  averaging  and  partly  to  the  simplifications  in 
[12].  Fig.  5  illustrates  that  the  IBS  rise  times  increase  sub¬ 
stantially  for  larger  momentum  spread,  which  amounts  to 
another  possible  advantage  of  the  super-bunches. 


Figure  5:  Intrabeam  scattering  growth  times  for  super¬ 
bunches  in  the  LHC  vs.  as,  according  to  Eq.  (4)  (the  lines) 
or  calculated  by  MAD  (the  plotting  symbols). 

CONCLUSIONS 

Super-bunch  collisions  in  a  future  LHC  upgrade  promise 
a  higher  luminosity,  that  may  reach  ten  times  the  nominal 
value,  accompanied  by  an  improved  beam-beam  dynamics, 
negligible  heat  load  from  electron  cloud,  and  increased  IBS 
rise  times.  The  larger  luminosity  and  IBS  rise  times  may 
also  be  realized  by  hollow  bunches.  A  number  of  open 
questions,  such  as  PACMAN  like  forces  acting  on  individ¬ 
ual  particles  during  part  of  their  synchrotron  motion  and 
strong-strong  beam-beam  dynamics,  remain  to  be  explored. 
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A  NEW  ANALYSIS  OF  INTRABEAM  SCATTERING* 


Boaz  Nash^  Juhao  Wu,  Karl  Bane,  Alex 


Abstract 


Beginning  with  the  Fokker-Planck  equation  we  present 
a  new  analysis  of  intrabeam  scattering  (IBS)  in  electron 
storage  rings.  Our  approach  is  distinguished  by  having 
no  ill-defined  Coulomb  logarithm,  a  fundamental  draw¬ 
back  of  previous  approaches.  We  treat  the  case  of  linear 
xpVj}  coupling  in  detail,  deriving  explicit  expressions  for 
the  second  moment  invariants  and  their  time  evolution  in 
the  presence  of  IBS.  We  compare  our  results  with  those 
of  Bjorken-Mtingwa,  as  well  as  with  measurements  per¬ 
formed  at  KEK’s  ATF  damping  ring.  More  details  of  our 
derivations  will  be  published  elsewhere. 

EVOLUTION  EQUATIONS 

We  consider  a  smooth  focusing  approximation  Hamil¬ 
tonian  representing  the  symplectic  part  of  the  dynamics 
in  the  storage  ring  given  hy  H  =  {l/2)SijZiZj  with  z  = 
{x,x',y,y',z,S).  If  we  consider  damping  and  diffusion 
processes  (both  radiation  and  IBS)  as  well  as  the  Hamil¬ 
tonian  evolution,  the  beam  distribution  function  f{z,t) 
evolves  via  the  Fokker-Planck  equation: 

with  Bi  =  CijZj  -I-  {{Szi}y^^/6i)iBs,  Dij  =  dy  -f 
{{Szi5zj)^^/6{)iBs.  The  various  matrices  are  given  by 
C  =  -  6,  6  is  the  damping  matrix,  d  is  the  diffu¬ 

sion  matrix,  and  J  is  the  symplectic  inner  product  matrix 
J=diag({0 1},  {—1  0}).  The  IBS  average  { is  over  the 
probability  that  a  given  particle  with  phase  space  position 
z  will  change  by  5z  in  a  time  5t.  In  a  coordinate  system 
where  x,  y,  z  are  real  positions,  only  W (Spa)  (a  =  1 . . .  n) 
will  be  non-zero.  For  2n-D  phase  space,  there  exist  n 
invariants  of  H:  ga  =  with  G“  =  JUG°-U^J, 

where  U  is  the  symplectic  matrix  whose  columns  con¬ 
sist  of  pairs  of  eigenvectors  of  JS,_{va~iv*)  normalized 
such  that  v^Jvb  =  —idab<  and  (5“  is  given  by  having 
—tax  =  ({0  —  i},  {— i  0})  in  the  spot  along  the  diag¬ 
onal  and  the  rest  O’s.  The  RMS  emittance  is  Ca  =  {ga) /2. 

If  the  damping  and  diffusion  are  slow  compared  to  the 
Hamiltonian  evolution,  the  distribution  will  approximately 
be  a  Gaussian  function  of  the  invariants: 


f{z,t)  =  Ye  Tiffey— tiffer— tsffey  (2) 

The  distribution  is  normalized  so  that  /  dzf{^  =  N,  and 
the  phase  space  volume  is  given  by  F  =  (7r)®(pi){p2){53>. 
IBS  is  most  namrall^  analyzed  in  the  beam  frame  which 
we  notate  by  Z  =  {X,  P).  With  small  x',  y',  and  for  large 
relativistic  7  factor,  the  Lorentz  transformation  is  simply 
X  =  x,Y  =  y,Z  =  'fz,Px  =  Pox',Py  =  Poy',P,  = 

*This  work  was  supported  by  the  U.S.  Department  of  Energy  under 
Contract  No.  DE-AC03-76SF00515. 
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Chao,  SLAC,  Menlo  Park,  CA,  94025 
PQ5h,dt  =  7df  with  Pq  the  reference  momentum.  We 


introduce  S  =  LZ.  For  the  distribution  matrices,  we  write 

.  5?,'i  (3) 

a=l  0=1  ' 


where  M  =  L^ML  is  M  expressed  in  the  beam  frame  and 
MW  =  2L^G(“)L/(s„). 

From  (1),  the  evolution  of  the  moments  Ey  =  {zizA  is 

dEi,  /,  1  \  ’ 

=  \  {BiZj)f  +  2 Pij) / j  +  (i  <->  j)  (4) 

Note  that  E“^  =  M.  We  can  also  show  that  the  evolution 
of  the  average  values  of  the  invariants  is 

^--2aa{{9a)-{9a)o)+(^^y"  (5) 

where  the  equilibrium  values  of  the  invariants  without  IBS 
^®_(5o)o  =  da/{2aa),  or  CoO  =  da/{^aa)  with  2Qa  = 
Tr(ba)  and  da  =  Tr  (G“d)  where  ba  is  the  a***  2x2  block 
along  the  diagonal  of  6  =  To  first  order,  the 

are  the  real  parts  of  the  eigenvalues  of  the  matrix  G. 

We  define  the  IBS  growth  rate  as  T~^  = 

(d(5a}/dt)^®®/(5a)-  For  Eq.  (4)  there  are  2  t3q)es  of 
terms  in  (d'E/dty^^,  one  in  the  form  of  (xaPb)  and  the 
other  {paPb)-  Using  Eq.  (3),  we  get 

1  1  /  JV'IBSX  1  , 


where  ^^6  =  d{PaPb) / dt\iBs,  AQat  =  d{XaPb)/dt\jBS 
and  A  contains  overall  constants.  We’ve  moved  into  the 
beam  frame  using  TV  (M“E)  =  Tr(M“E)  with  E  =  LEL^. 

IBS  DAMPING  AND  DIFFUSION 

IBS  has  been  studied  extensively  [1-4,7],  with  Bjorken- 
Mtingwa  (BM)[2]  and  Piwinski  (P)[3]  the  main  founda¬ 
tions  of  later  derivations.  We  start  from  first  principles, 
aiming  for  a  clearer  understanding  of  the  subject.  In  addi¬ 
tion  to  having  no  Coulomb  log,  our  approach  differs  from 
[4]  and  [7]  in  that  we  follow  invariants  directly  and  give  ex¬ 
plicit  expressions  for  them  in  the  case  of  global  coupling. 

We  compute  Pf  ®(^)  =  {5Pa)y^/5t  and  lP^^{Z)  = 
{SPaSPb)’f^/6i.  Let  the  two  particles  have  coordinates  Zi 
and  Z2  and  let  r  =  Xi—X2  and  A=Pi— P2.  If  we  consider 
them  undergoing  a  scattering  process,  the  impact  param¬ 
eter  is  6  =  f-r{A  ■  f)A,  where  hats  designate  unit  vec¬ 
tors.  In  the  small  angle  ajyroximation,  the  scatter  leads  to 
a  total  momentum  kick  6P1 «  -4k'^/{AH^)A+2k/{Ab)b 
where  k  =  {mc)^ro  with  r-Q  the  classical  particle  radius.  For 
6 Pa,  we  discard  the  2nd  term  which  should  rightfully  be  in¬ 
cluded  in  the  space  charge  analysis,  and  then  keep  the  term 
in  SPaSPb  required  for  energy  conservation.  We  then  av¬ 
erage  these  quantities  over  the  portion  of  particle  2’s  phase 
space  where  the  time  to  the  distance  of  minimum  approach 
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^min  —  — m(r/A)A  •  f  is  less  than  5t.  Letting  — »  0  we 

arrive  at 

After  use  of  the  delta  funetion  in  the  integral,  b  can  be  re¬ 
placed  by  r=|f|.  /is /normalized  so  that  /  dZf{Z)  =  1. 
If  we  replace  the  spatial  distribution  with  the  local  constant 
density,  and  absorb  the  spatial  divergence  into  a  Coulomb 
log,  these  reduce  to  the  Rosenbluth  Potentials  [6], 

REDUCE  TO  ANGULAR  INTEGRALS 

For  the  IBS  contribution  to  the  moment  evolution  equa¬ 
tions,  we  ean  combine  the  damping  and  diffusion  together 
using  (4) ' .  For  Gaussian  distributions,  the  result  is: 

=  j  ^fah  -  AaAfej  .  f)  (9) 

where  M  is  the  unitless  M  matrix  expressed  in  the  basis  of 
Z,  i.e.  we  use^A  =  r^A,  6  =  (rmPo)B,  C  =  P§C.  Also, 
^  =  (r,  A).  For  the  overall  constant,  A  =  Nk^/ljinf) 
with  r = Pq  r.  We  also  can  compute: 

Qab  =  -\J •  f)  (10) 

Ignore  Qab  for  now  (no  “Coulomb  log”  behaviour).  If  we 
do  the  I r|  and  ]  A|  integrals  and  the  integral  from  the  6  func¬ 
tion  in  Kai,  we  are  left  with 


r/(J?2,P2)(5(A.f)  (7) 


>4/ 


-^[log(Y)-b7£-9tan 


^ilf^  ~  AflAb,  h\  —  Aobrar*b>  ^2  —  ®a6r*aAb, 

hs  =  CobAoAb,  and  q  =  h2/ ^Ahihs-h^-,  7^  «  0.577. 
The  q  term  in  (1 1)  will  often  be  small  and  we  drop  it  here. 
Approximating  the  log()-i-7£;  tenn  as  a  constant  gives  what 
we  call  the  Coulomb  log  approximation.  This  can  be  shown 
to  reduce  exactly  to  the  equivalent  expression  in  BM.  We 
denote  it  by  The  quotient  of  these  two  expressions 
can  be  used  to  define  the  Coulomb  log: 

2Loe  -  _  K„b 

-KBM  (12) 

This  allows  us  to  explore  the  range  over  which  the  usual 
approach  of  having  a  single  Coulomb  log  makes  sense. 

THE  CASE  OF  A  COUPLED  BEAM 

With  both  X  and  y  dispersion  and  Xpyp  coupling  param¬ 
eter  K  in  the  smooth  approximation,  we  use  the  Hamilto¬ 
nian  H  =  {fie/2){ka:x‘^p  +  x'^  +  2KXpy0  +kyyl  +  y^- 
{k:,/ae)zj-acS^)  where  xp  =  x  -  rj^S,  yp  =  y  - 
zp  =  z—Tjxx'—qyy'  and  Qc  =  Kv^+kyriy  is  the  momentum 
compaction  factor.  j3c  is  the  reference  particle  velocity.  We 

'This  derivation  of  the  BM  results  from  the  Rosenhluth  potentials[6] 
was  carried  out  hy  M.  Venturini  [5]. 

^The  quantity  Vm  is  the  minimum  impact  parameter  cut-off  required 
because  (9)  diverges  for  small  distances.  We  take  it  to  be  a  typical  dis¬ 
tance  of  minimum  approach,  Vm  =  roPx/(.-f‘^ex).  This  cut-off  is  also 
consistent  with  the  small  angle  approximation  used  in  the  analysis. 


use  lab  time  as  the  independent  variable.  The  smoothed 
frequencies  are  kx=l/0l=(vx/Rf,  ky  =  1/0^  =  {vy/Rf, 

kz  =  {vs/R)^,  with  Vx,y,s  the  horizontal,  vertical  betatron 
and  synchrotron  tunes  respectively.  R=C/2i[  with  C  the 
storage  ring  circumference.  We  parametrize  ky  and  k 
by  kx  =  fco  +  Acost/),  ky  =  ko—  Acosip,  k  =  Asint/i. 
A  =  \/{kx  —  kyY/A+K^  and  tan  tp  =  2k/ {kx  —  ky).  'tp/2 
is  the  tilt  angle  in  the  X0,y0  plane.  The  eigeninvariants  are 


2Vk^'^^ - -  ^  - ' 

[(fco  ±  A)yj  -f  2/'^]  (1 T  cos  V’)  ± 

2[{ko±A)x0y0+x'y]  sintp),  (1  upper  sign,2  lower  sign) 
53  =  {zp/Pz)  +  PzS^  (13) 

where  pz  =  Raj Vs-  Note  that  H  =  ^(^^0  + A51  + 
Jko  —  A  32  -  53)-  The  IBS  growth  rates  are 

1  A 

~A - 7?===x[(^=*=B0S2/>)Kn±2sin2/'Ki2 

■ti,2  4ei,2VKo±A 

+  (1  =F  cos'0)K22  +  7^(fco  ±  A)(72^(1  ±  cosip) 
+  tyy(lTC0St/)))K33] 

1  Aa^ 

—  =  ^K33  (14) 

The  damping  matrix  has  non-zero  elements  622  =  2aa;, 
644  =  2ay,  bee  =  and  the  rest  of  the  elements  are  0. 
The  diffusion  matrix  d  has  just  one  non-zero  element  (ig¬ 
noring  intrinsic  x',  y'  diffusion),  dee  =  "R/Eh  where  V  = 
55rofimc^7^/(24-\/3p®).  These  yield  coupled  damping 

constants  01,2  =  5aa:(l±cos^)-i-  |ay(l=F  cos2/>),  03  = 
Oz  and  diffusion  constants  di,2  =  Ry/ko  ±  A{qx,y  cos 
Tfy^x  sin  ds  =  PzV  which  yield  equilibrium  emit- 
tances  without  IBS  of 

^  _  /  Ry/kp  ±  A[r}x,y  cos  f  ±  rjy^x  sin  f  \  p 

C(i,2)o  y  2[qz  -1-  Oy  ±  {ox  -  Oy)  cos  Ip]  j ^  R 

-  (S).S'  <'« 

We  have  assumed  that  the  lattice  is  isomagnetic  and  hence 
the  1/p^  average  in  V  causes  the  other  parameters  to  be 
averaged  only  in  the  bends  with  an  overall  p/R  normaliza¬ 
tion.  In  the  zero  coupling  limit,  we  also  replace  {Vx,y/Px,y) 
with  (Tlx,y).  The  observable  transverse  beam  sizes  are  re¬ 
lated  to  the  invariants  by 

2  _€i,2Cos2|  e2,i(l-cosi/>)  ,  eeJTzrgy 

Vra:  v/ra:  Oc  ^  ^ 

When  Ip  -i-  0,  we  recover  al  y  =  Px.y^x.y  +  a^s'nl.y 

APPLICATION  TO  THE  ATF 

As  an  application  of  our  analysis,  we  compared  with  the 
data  taken  at  the  ATF  in  April  2000.  Ref.  [1]  attempted 
this  using  a  combination  of  the  program  SAD  and  IBS  ex¬ 
pressions  based  on  BM  with  coupling  added  in  a  heuristic 
way.  There  was  an  apparent  discrepancy  between  theory 
and  experiment  in  the  current  dependence  of  the  projected 
vertical  emittance,  ey,pr  =  -a-^y,)i.  Our  analysis 

provides  a  solid  base  to  explore  &s  issue. 
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We  vary  k  and  compare  equilibrium  values  for  ex,CTa,(Ts, 
and  ey_pr.  We  also  (as  in  [1])  vary  with  current  computed 
from  the  (Ts,  as  data,  as  a  linear  model  for  bunch  lengthen¬ 
ing.  We  use  Eo  =  1.28  GeV, =  0.052  m,  rjy  =  3mm, 
fix  =  3.9  m,  fiy  =  4.5  m,  =  1.05  x  10“®  m,  Vs  =  .0049, 
etc  —  .0029,  C  =  138.6  m,  p/R  =  0.260.  Tq  =  \/ota  are 
Tx  =  18.2  ms,  Ty  =  29.2  ms,  and  Tp  =  20.9  ms. 

Figure  1  shows  the  evolution  of  the  invariants  starting 
with  injection  values.  We  evolve  the  invariants  using  (5), 
(11),  and  (14).  The  parameters  correspond  to  the  3.1  mA 
point  on  the  middle  curve  of  Figure  2.  Note  that  eyp^/ex 
is  not  constant,  and  hence  there  is  not  an  exact  global  cou¬ 
pling  paameter  k'  such  that  ep,pr(f)  =  K'ex[t). 
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Figure  1:  Time  evolution  of  emittances. 
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Figure  2  shows  a  comparison  of  equilibrium  projected 
vertical  emittance  (solid  curves)  to  the  data  (diamonds), 
and  as  are  not  shown,  but  agreement  is  comparable  to  that 
in  [1].  By  adjusting  the  coupling,  we  can  get  the  correct 
magnitude  in  Cy^pr,  but  the  slope  still  does  not  agree.  For 
Tjy  =  3mm,  we  need  K/ko  between  .02  and  .03  which  corre¬ 
sponds  to  a  tilt  angle  between  4  and  6  degrees.  Cy  (dashed 
curves)  is  smaller  than  Cy^p^.  This  gives  an  indication  of 
the  effect  coupling  has  had  on  the  measurements.  In  the 
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I  [mA] 

Figure  2:  Comparison  with  ATF  measurements.  (Kinm“®) 

ATF,  the  beam  is  coolest  in  6  and  hottest  in  x.  Thus,  K33 
is  positive  and  Kn  negative.  K22  can  be  either  positive 
or  negative  (energy  conservation  gives  ^aa  =  0.)  We 
find  the  biggest  difference  between  Koj  and  for  K22. 
In  the  small  coupling  limit,  the  K22  and  the  K33  contri¬ 
butions  to  I/T2  have  a  relative  coefficient  of  'firj^/fi'^.  In 
the  “High  Eneigy  Approximation”,  one  keeps  only  the  K33 
term.  However,  for  the  ATF  parameters,  if  Tjy  <  1.8  mm, 
K22  can  become  important.  In  Figure  3  we  plot  the  ratio 
of  the  Coulomb  logs  defined  in  (12)  to  the  conventional 
Coulomb  log  Lc  =  log((Ty/r„)  (Lc  w  16  for  ATF)  for 
varying  vertical  dispersion  and  zero  coupling  (since  BM 
dealt  only  with  the  uncoupled  case).  Effectively,  we  are 
varying  the  beam  aspect  ratio,  with  the  right  side  of  the 


plot  approaching  a  round  beam.  Near  rjy  =  28  mm,  the 
intrinsic  vertical  growth  rates  K22  and  have  opposite 
signs.  Finally  note  that  both  Log^/Lc  and  Loggj/Lc  are 
close  to  1  over  a  wide  range  of  beam  aspect  ratios. 


Figure  3:  Ratios  of  computed  to  nominal  Coulomb  log. 

CONCLUSIONS  AND  FUTURE  WORK 

We  have  given  new  expressions  for  the  IBS  damping  and 
diffusion  coefficients  Ba  and  Dat  and  the  moment  evolu¬ 
tion  quantities  AKa^.  We  include  the  position  distribution 
in  our  approach  (the  matrix  A  for  Gaussians),  a  necessary 
step  in  understanding  the  effect  that  the  shape  of  the  beam 
has  on  IBS.  For  Gaussian  beams,  we  have  reduced  the  ex¬ 
pressions  to  3-D  angular  integrals.  In  fact  we  can  reduce 
them  to  2-D  integrals  with  some  increase  in  complexity. 
We  find  that  for  flat  beams  with  ATF  parameters,  Bjorken- 
Mtingwa  with  6max  equal  to  the  vertical  beam  size  gives 
excellent  results  for  the  horizontal  and  longitudinal  growth 
rates,  but  can  break  down  for  the  intrinsic  vertical  growth 
rate.  We  expect  that  for  riy  <  1.8  mm,  for  some  values  of 
K  and  Vx  —  Uy,  there  may  be  observable  differences  in  the 
growth  rates  and/or  equilibria  in  the  ATF. 

We  have  also  included  global  xpyp  coupling  explicitly 
for  the  first  time  and  computed  the  evolution  of  the  invari¬ 
ants  for  the  case  of  the  ATF  damping  ring.  We  find  that  the 
dependence  of  €y,pr  on  beam  current  cannot  be  explained 
by  our  model  which  suggests  that  non-IBS  physics  and/or 
measurement  error  may  be  occurring.  The  offset  can  be 
explained,  however,  with  a  beam  tilt  angle  of  4-6  degrees. 

Future  plans  include  exploration  of  full  riy, «,  -  Vy 

parameter  space  in  the  ATF,  application  to  protons  or 
heavy  ions,  synchrobetatron  coupling,  non-Gaussian  equi¬ 
libria  and  extension  beyond  the  smooth  approximation. 
BN  would  like  to  acknowledge  Marco  Venturini  and  Ben 
Freivogel  for  many  useful  discussions. 
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Abstract 

As  a  first  step  of  a  space  charge  -  nonlinear  resonance 
benchmarking  experiment  over  a  large  number  of  turns, 
beam  loss  and  emittance  evolution  were  measured  over  1 
s  on  a  1.4  GeV  kinetic  energy  flat-bottom  in  the  presence 
of  a  single  octupole.  By  lowering  the  working  point  to¬ 
wards  the  resonance  a  gradual  transition  from  a  loss-free 
core  emittance  blow-up  to  a  regime  dominated  by  contin¬ 
uous  loss  was  found.  Our  3D  simulations  with  analytical 
space  charge  show  that  trapping  on  the  resonance  due  to 
synchrotron  oscillation  causes  the  observed  core  emittance 
growth  as  well  as  halo  formation,  where  the  latter  is  ex¬ 
plained  as  the  source  of  the  observed  loss. 

1  INTRODUCTION 

The  study  of  the  combined  effect  of  space  charge  and 
nonlinear  resonances  over  as  many  as  10®  -  10®  turns  is 
gaining  importance  with  the  need  of  optimizing  the  per¬ 
formance  of  synchrotrons  employing  high  intensity  or  high 
phase  space  density.  The  latter  is  relevant  for  the  PS  as  part 
of  the  injector  for  the  LHC;  furthermore  for  the  SISlOO  of 
the  GSI  future  project  [1],  where  it  is  necessary  to  hold  the 
high-intensity  bunches  between  injections  over  typically  1 
s,  and  at  a  loss  level  not  exceeding  1%.  Up  to  now  com¬ 
parison  of  simulation  with  experimental  work  for  second  or 
higher  order  resonances  has  been  successfully  carried  out 
in  the  millisecond  time  frame  [2,  3].  In  the  realm  of  long¬ 
term  behavior,  instead,  where  self-consistent  3D  simula¬ 
tion  is  beyond  current  computer  capabilities,  the  question 
of  adequate  approximations  in  space  charge  calculation  is 
a  challenging  one.  Moreover,  an  explanation  of  the  proper 
mechanisms  describing  the  combined  effect  of  nonlinear¬ 
ity,  space  charge  and  synchrotron  oscillation  -  as  suggested 
recently  in  a  simplified  model  in  Ref.  [4]  -  is  cmcial. 

2  MEASUREMENTS 

The  measurements  where  carried  out  as  part  of  a  high 
intensity  machine  development  time  at  the  PS  in  October 
2002.  The  number  of  protons  in  the  bunch  was  1.1-10 
-  small  enough  to  avoid  overlap  with  other  resonances. 
A  vertical  maximum  space  charge  tune  shift  of  0.12,  and 
a  horizontal  one  of  0.075  (for  minimum  amplitude  par¬ 
ticles)  were  achieved  with  relatively  small  emittances  of 
ea;  =  9  mm  mrad  and  ty  =  4.5  mm  mrad  (unnormalized 
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at  2(t).  The  bunch  profiles  measured  10  ms  after  injec¬ 
tion  were  found  to  be  Gaussian  in  all  directions  in  the  ab¬ 
sence  of  the  octupole.  The  vertical  machine  tune  was  set  to 
Qy  =  6.12,  and  the  horizontal  tune  was  varied  in  the  inter¬ 
val  6.25  <  Qx  <  6.32.  The  ehromaticity  is  close  to  the  nat¬ 
ural  one,  hence  the  small  momentum  spread  of  10  allows 
ignoring  chromatic  effects.  The  kinetie  energy  was  kept  at 
the  injection  value  of  1 .4  GeV  with  a  measurement  window 
of  1  s  (4.4  •  10®  turns)  over  which  the  bunch  intensity  was 
monitored  with  a  current  transformer.  The  calibrated  oc¬ 
tupole  (here  kz  =  1.215  •  I  m“®)  was  powered  to  40  A  at 
110  ms  after  injection  to  excite  the  resonance  4Qx  =  25. 
We  used  the  transverse  profiles  measured  with  the  flying 
wire  (20  m/s),  fitted  a  Gaussian  profile  to  them,  and  deter¬ 
mined  their  rms  emittances.  Initial  and  -  in  most  cases  - 
final  profiles  were  actually  found  quite  close  to  Gaussian. 

In  Fig.  1  results  of  final  measurements  1  s  after  injec¬ 
tion  are  plotted  as  a  function  of  the  machine  working  point. 
Our  main  finding  is  the  existence  of  two  regimes:  an  emit- 


Qx 


Figure  1:  Experimental  results  on  final  rms  emittance  (of 
Gaussian  fit)  and  beam  current  relative  to  initial  values. 


tance  growth  dominated  regime  for  Qx  sufficiently  above 
the  resonance  -  in  our  example  Qx  >  6.28,  and  a  loss 
dominated  regime  for  Qx  <  6.28.  It  is  noted  that  for  the 
working  point  of  maximum  loss  (Qx  =  6.27)  the  emittance 
also  shrinks,  since  large  amplitude  particles  are  preferably 
extracted.  The  time  evolution  of  the  bunch  intensity  for 
Qx  —  6.27  is  shown  in  Fig.  2.  Note  the  continuous  loss  at 
a  nearly  constant  rate  after  an  initially  enhanced  loss  (the 
intensity  drop  at  1200  ms  is  caused  by  the  kicker  event). 
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Figure  2:  Measured  bunch  intensity  as  function  of  time  at 
Qx  =  6.27  with  octupole  powered  at  280  ms  (1 10  ms  after 
injection  at  time  170  ms). 


3  SIMULATION 

For  an  interpretation  of  these  results  we  have  carried  out 
a  series  of  simulation  runs  in  2D  and  3D.  We  have  replaced, 
for  simplicity,  the  linear  PS  focusing  lattice  by  constant  fo¬ 
cusing  and  ignored  lattice  nonlinearities  besides  the  con¬ 
tribution  from  the  well-defined  octupole.  We  have  also  ig¬ 
nored  the  smaller  vertical  beam  emittance  of  the  experi¬ 
ment  and  assumed  a  circular  cross  section  to  match  with  the 
limitation  in  the  analytical  3D  space  charge  model,  which 
is  based  on  a  rotational  ellipsoid.  The  horizontal  emittance 
has  been  chosen  such  as  to  reproduce  accurately  the  maxi¬ 
mum  horizontal  space  charge  tune  shift  extracted  from  the 
measurement,  which  we  believe  is  the  crucial  issue  since 
we  are  not  dealing  with  a  coupling  resonance. 

The  loss  observed  in  the  experiment  cannot  be  attributed 
to  the  shrinking  of  the  dynamic  aperture  as  a  result  of  the 
octupole  alone.  To  support  this  we  have  carried  out  a  nu¬ 
merical  study  on  the  dynamic  aperture  by  searching  the 
maximum  stable  radius  of  test  particles  placed  into  20  dif¬ 
ferent  directions  in  the  upper  half  of  the  a:  -  y  plane.  We 
have  found  that  the  nominal  octupole  (40  A)  leads  to  a  dy¬ 
namic  aperture  (10®  turns)  of  about  5cr  (with  a  the  horizon¬ 
tal  rms  beam  size)  near  =  6.25,  which  may  not  be  small 
enough  to  cause  extraction  of  particles,  and  a  more  com¬ 
plete  knowledge  of  machine  nonlinearities  may  be  required 
to  explain  the  loss.  Assuming  200  A  octupole  current  we 
have  calculated  that  the  dynamic  aperture  shrinks  to  a  ra¬ 
dius  of  2.5o-  near  =  6.25  for  10®  turns,  and  about  2.2<r 
for  10®  turns.  Note  that  one  expects  a  theoretical  reduc¬ 
tion  proportional  to  the  inverse  square  root  of  the  octupole 
strength,  which  is  roughly  confirmed  by  our  simulations. 

We  first  attempt  a  comparison  with  the  fully  self- 
consistent  2D  particle-in-cell  (PIC)  version  of  the  MI¬ 
CROMAP  code  [5]  with  10®  simulation  particles.  We  em¬ 
ploy  a  Gaussian  distribution  function  and  a  64x64  grid  fill¬ 
ing  a  rectangular  boundary  of  70x70  mm  size.  We  find 
no  loss  for  40  A:  the  rms  emittance  growth  remains  below 
2%;  for  comparison,  it  is  15%  -  independent  of  octupole 
strenght  -  at  Qj;  =  6.25  in  the  absence  of  space  charge  (the 
time  it  takes  is  about  inversely  proportional  to  the  octupole 
strength).  We  explain  this  strikingly  low  saturation  level  as 


a  consequence  of  the  large  space  charge  de-tuning  relative 
to  the  natural  de-tuning  effect  of  the  octupole.  A  more  pro¬ 
nounced  effect,  with  a  loss  regime  and  an  emittance  growth 
regime  analogous  to  the  experiment,  is  obtained  assuming 
a  5  times  stronger  octupole.  This  is  shown  in  Fig.  3  after 
100  turns,  where  the  effect  is  practically  saturated.  The  sat- 


Qx 


Figure  3:  Result  of  fully  self-consistent  2D  simulation  with 
5x  stronger  octupole  (200  A)  after  1000  turns.  Shown  are 
rms  emittances  and  total  intensity  in  units  of  initial  values. 

urated  maximum  emittance  growth  is  now  about  8%,  which 
reflects  the  reduced  space  charge  de-tuning  relative  to  the 
octupole  strength.  The  loss  regime  confirms  the  shrinking 
of  the  dynamic  aperture  for  Q  ^  >  6.25. 

In  order  to  explore  the  evolution  over  significantly  longer 
times  we  replace  the  fully  self-consistent  space  charge  cal¬ 
culation  by  an  analytical  approximation.  While  such  ana¬ 
lytical  space  charge  models  ignore  the  dynamically  chang¬ 
ing  space  charge  force,  they  have  the  advantage  of  be¬ 
ing  much  faster  and  avoiding  the  inherent  noise  of  PIC- 
simulation.  As  a  first  example  we  extend  the  above  2D 
coasting  beam  study  with  the  same  transverse  rms  values, 
a  Gaussian  transverse  distribution  and  an  analytical  space 
charge  force  consistent  with  the  initial  Gaussian  distribu¬ 
tion  using  a  method  generalized  from  Ref.[6].  The  re¬ 
sult  after  10®  turns  is  found  to  deviate  by  not  more  than 
±10%  from  the  self-consistent  simulation,  with  practically 
no  change  between  10®  and  10®  turns.  This  suggests  that 
self-consistency  might  not  be  an  important  factor  as  long 
as  emittance  growth  or  loss  are  small  enough. 

For  the  3D  simulation  we  employ  a  density  distribution 
of  the  kind  (1  -x^/a^)®  in  all  three  directions.  We  can  then 
perform  an  exact  integration  of  Poisson’s  equation  using  a 
similar  method  as  in  2D.  Using  2000  test  particles  we  gen¬ 
erate  a  (initially)  consistent  distribution  in  6D  phase  space 
with  the  same  bunch  length  (200  ns  at  4a)  and  synchrotron 
period  (645  turns)  as  in  the  experiment. 

The  dependence  on  the  working  point  is  shown  in  Fig.  4 
to  give  a  similar  behavior  as  in  the  experiment  for  Q  j;  > 
6.28,  but  no  loss  for  smaller  tunes.  For  better  comparison 
with  the  experiment  we  apply  a  Gaussian  fit  to  the  simula¬ 
tion  data  and  determine  the  rms  emittance  from  it,  which 
puts  the  emphasis  on  the  core  emittance.  Note  that  the  rel¬ 
atively  large  emittance  growth  without  accompanying  loss 
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reflects  the  large  physical  aperture  in  both  experiment  and 
simulation,  if  compared  with  the  initial  beam  size.  For  an 
assumed  200  A  octupole,  instead,  the  simulation  shows  a 
continuous  loss  (<  25%)  due  to  the  much  reduced  dynam¬ 
ical  aperture. 


Qx 


Figure  4;  3D  simulation  using  analytical  space  charge  (40 
A  octupole).  Shown  are  simulated  rms  emittances  (Gaus¬ 
sian  fit)  after  5  •  10®  turns,  and  experimental  values. 

The  rms  emittance  evolution  of  a  typical  case  is  shown 
in  Fig.  5,  which  compares  well  with  the  measured  data. 
The  main  difference  is  that  the  simulation  rms  emittance 
growth  saturates,  since  particles  with  a  small  enough  syn¬ 
chrotron  amplitude  (depending  on  Qx)  can  never  cross  the 
resonance.  We  compare  this  result  with  a  modification, 
where  the  growing  emittance  is  used  to  update  the  horizon¬ 
tal  rms  size.  As  a  result  of  this  rms  self-consistency  space 
charge  gets  weaker,  which  allows  more  particles  to  cross 
the  resonance.  This  enhances  the  growth  and  leads  to  even 
better  agreement  with  the  measurement. 


Figure  5:  3D  simulation  emittance  evolution  for  = 
6.29  comparing  analytical  “frozen”  space  charge  with  re¬ 
sults  obtained  by  using  a  continuously  updated  rms  size 
(squares:  measured  values). 

Our  interpretation  of  the  significant  difference  between 
2d  and  3D  relies  on  synchrotron  motion:  in  2D  particles 
can  be  on  resonance  for  basically  one  value  of  the  betatron 
amplitude,  and  if  so  they  get  easily  de-tuned  again  with 
only  small  amplitude  increase,  due  to  the  dominant  space 
charge  de-tuning;  in  3D  the  synchrotron  motion  carries  the 


particles  from  high  to  low  space  charge,  thus  a  large  num¬ 
ber  of  particles  is  able  to  periodically  cross  the  resonance  at 
various  betatron  amplitudes.  Eventually  such  particles  are 
caught  by  the  resonance,  which  implies  that  they  are  driven 
to  larger  transverse  amplitude  to  compensate  the  enhanced 
space  charge  when  moving  back  to  the  bunch  center.  As 
was  shown  in  Ref.  [4]  such  trapping  may  be  followed  by 
de-trapping  after  some  time  unless  the  particle  hits  the  aper¬ 
ture.  Therefore  the  resulting  maximum  halo  increases  for 
Qx  — >  6.25  (Fig.  6),  which  is  the  reason  for  the  loss  region 
in  the  experiment,  where  apparently  further  nonlineaiities 
cause  a  smaller  dynamic  aperture  than  in  the  simulation  and 
lead  to  extraction.  Note  that  for  Qx  — +  6.32,  where  the  res¬ 
onance  loses  its  effect,  the  maximum  halo  size  agrees  with 
the  initial  beam  edge  of  3cr. 


Qx 

Figure  6:  Halo  radius  (in  units  of  initial  a). 


4  CONCLUSION 

The  synchrotron  oscillation  has  been  shown  to  enhance 
significantly  the  response  on  the  octupole.  In  the  emittance 
growth  regime  quite  good  agreement  is  achieved  with  the 
measurements  over  half  a  million  turns,  which  supports  our 
3D  space  charge  model  and  interpretation.  We  predict  the 
formation  of  a  halo  increasing  in  size  for  -+  6.25  and 
claim  this  is  the  source  of  the  measured  loss.  Future  mea¬ 
surements  should  consider  weaker  octupoles,  where  the 
predicted  halo  might  be  entirely  inside  the  d)mamic  aper¬ 
ture.  Cross-checks  with  fully  self-consistent  3D  simulation 
over  some  Iff*  turns  are  planned  for  the  near  future. 
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Abstract 

Stray  electrons  can  be  introduced  in  positive-charge 
accelerators  for  heavy  ion  fusion  (or  other  applications)  as 
a  result  of  ionization  of  ambient  gas  or  gas  released  from 
walls  due  to  halo-ion  impact,  or  as  a  result  of  secondary- 
electron  emission.  Electron  accumulation  is  impacted  by 
the  ion  beam  potential,  accelerating  fields,  multipole 
magnetic  fields  used  for  beam  focus,  and  the  pulse 
duration.  We  highlight  the  distinguishing  features  of 
heavy-ion  accelerators  as  they  relate  to  stray-electron 
issues,  and  present  first  results  from  a  sequence  of 
simulations  to  characterize  the  electron  cloud  that  follows 
from  realistic  ion  distributions.  Also,  we  present  ion 
simulations  with  prescribed  random  electron  distributions, 
undertaken  to  begin  to  quantify  the  effects  of  electrons  on 
ion  beam  quality. 

INTRODUCTION 

Stray  electrons  are  becoming  increasingly  recognized  as 
a  serious  concern  for  heavy-ion  fusion  (HIIO  accelerators. 
Electron  clouds  have  already  been  recognized  as  a  serious 
issue  for  accelerator  applications  such  as  high-energy 
physics  [1].  In  addition  to  common  concerns  and  physics 
issues,  there  are  a  number  of  aspects  of  HIF  accelerators 
that  distinguish  stray-electron  cloud  accumulation, 
dynamics,  and  effects  from  those  in  accelerators  for  other 
applications.  In  this  paper  we  survey  the  differentiating 
aspects,  report  on  progress  in  developing  a  computational 
capability  to  predict  electron  cloud  accumulation  and 
effects,  and  present  calculations  illustrating  the  effect  of 
prescribed  electron  cloud  distributions  on  ion  beam 
quality.  We  restrict  attention  here  to  magnetic 
quadrupole-based  focusing  systems  in  induction  linacs. 
Electrostatic  quadrupoles  have  a  natural  electron 
sweeping  mechanism;  solenoidal-magnetic-field-based 
systems  have  a  different  set  of  issues. 

DISTEVGUISfflNG  ASPECTS  OF 
ELECTRON  ISSUES  IN  HIF 
ACCELERATORS 

The  relevant  distinguishing  features  of  (magnetic 
quadrupole-based)  HIF  accelerators  are  linear  geometry 
with  a  high  line-charge  density,  a  long  injected  pulse 
(multi-;/s  in  a  driver),  a  relatively  low  energy  (~  1  MeV  -  a 
few  GeV),  an  economic  mandate  to  fill  as  large  a  fraction 
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of  the  beamline  cross  section  as  possible,  and  a  relatively 
large  fraction  of  the  accelerator  length  occupied  by  the 
quadruple  focusing  magnets  (can  be  >  50%  at  the 
injector  end  of  the  accelerator).  Also  conditioning  of  the 
beam  pipe  in  such  accelerators  is  difficult;  hence  the 
emission  eoefficients  for  neutral  gas  upon  ion 
bombardment  are  large  (>  10’  per  incident  ion;  see  e.g. 
Ref.  [2]).  Finally,  there  is  beam  pipe  only  inside  the 
quadrupole  magnets. 

For  these  reasons,  the  predominant  source  of  stray 
electrons  in  the  injector  end  of  a  HIF  driver  is  expected  to 
be  ionization  of  neutrals  released  when  halo  ions  strike 
the  close-fitting  beam  pipe  inside  the  quadrupoles.  These 
electrons  are  bom  deeply  trapped  radially  by  the  beam’s 
electrostatic  potential,  and  constrained  to  slow  ExB  and 
magnetic  axial  drift  motions  by  the  quadrupole  magnetic 
fields  until  they  reach  a  gap.  In  accelerating  gaps  they 
can  acquire  sufficient  energy  to  escape  the  beam  potential 
and  will  tend  to  do  so  in  the  fringe  field  of  the  next 
quadrupole;  hence  their  lifetime  is  of  order  of  the  time  to 
drift  the  length  of  a  quadmpole,  and  their  density  is 
highest  in  the  quadmpoles. 

In  the  high-energy  end  of  a  driver,  or  in  short-pulse  (;S  1 
jis)  experiments,  where  neutrals  from  walls  cannot 
penetrate  far  into  the  beam,  ion-produced  secondary 
electrons  can  dominate.  Nonadiabatic  effects  (collision¬ 
less  pitch-angle  scattering)  [3]  can  cause  secondary 
electrons  that  pass  near  the  beam  center  to  be 
niagnetically  trapped  and  so  live  longer  than  their  nominal 
single-transverse-transit  lifetime  during  beam  flattop. 

TOWARD  A  MODEL  OF  ELECTRON 
CLOUD  DISTRIBUTION 

We  are  assembling  a  set  of  computational  tools  to 
enable  prediction  of  an  electron  cloud  distribution  in  the 
WARP  particle-in-cell  code.  The  key  ingredients  are:  wall 
electron  and  neutral-particle  source  modules,  which  take 
as  input  the  distribution  of  halo  ions  striking  walls;  a 
neutral-transport  module,  to  follow  neutral  particles 
emitted  from  surfaces  into  the  beam  interior;  a  bulk 
electron  source  module,  which  provide  an  electron  birth 
distribution  given  the  volumetric  neutral  gas  and  beam 
densities;  and  modules  that  describe  at  various  levels  of 
approximation  (full  orbit,  gyro-averaged,  bounce 
averaged)  the  subsequent  electron  dynamics.  The 
ultimate  goal  is  to  have  a  self-consistent  description  of  the 
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electron  cloud,  its  dynamics,  and  its  impact  back  on  the 
beam-ion  distribution. 

We  presently  have  operational  a  subset  of  these  tools, 
specifically  a  wall  electron  source  module  [4]  and  a  full- 
orbit  electron  dynamics  calculation.  A  sample  result  is 
shown  in  Fig.  1,  applicable  to  a  (hypothetical)  transport 
experiment  that  would  consist  of  100  quadrupoles  of  the 
type  now  in  the  High-Current  Experiment  (HCX)  [5].  In 
this  simulation,  a  wall  ion  beam  distribution  from  a 
WARP  simulation  is  input  to  the  electron  source  module, 
which  then  provides  information  about  the  local  emission 
of  secondary  electrons  [4].  The  full  orbits  of  the  emitted 
electrons  are  then  followed  (until  lost  or  to  a  maximum  of 
4000  time  steps).  Fig.  1  is  a  contour  plot  of  the  resulting 
electron  distribution,  projected  into  a  plane  transverse  to 
the  beam  propagation.  Almost  all  of  the  incident  ions 
impinged  on  the  wall  in  a  location  where  magnetic  field 
lines  are  confined  close  to  the  pipe  wall,  as  one  would 
expect  based  on  simple  beam  envelope  considerations. 
Hence  almost  all  of  the  electrons  are  concentrated  there  as 
well.  The  contours  that  extend  into  the  interior  are 
produced  by  electrons  that  drift  into  the  magnetic-field- 
free  gap  before  being  lost.  This  calculation  underscores 
the  importance  of  folding  into  the  secondary-electron 
production  calculation  the  effects  of  ion  scattering  at  the 
surface;  such  scattering  can  lead  to  an  enhanced  ion  flux 
on  the  walls  closer  to  the  quadrupole  principal  axes  (i.e., 
the  straight  field  lines  that  pass  through  the  middle),  and 
was  not  included  in  the  results  shown. 


Fig.  1.  Contour  plot  of  accumulated  electron  density 
(logarithmically  spaced  contours  span  a  factor  of  10"). 

EFFECT  OF  SPECIFIED  ELECTRON 
DISTRIBUTIONS  ON  BEAM  QUALITY 

To  begin  to  assess  the  effect  of  electrons  on  the  beam- 
ion  distribution,  we  have  run  a  series  of  WARP  ion 
simulations  (in  a  mode  which  follows  a  slice  of  a  beam 
through  a  set  of  magnets)  with  specified  negative  charge 
distributions  to  mock  up  the  electron  cloud.  Such 
simulations  of  course  cannot  address  ion  phenomena 
associated  with  mutually  consistent  electron  and  ion 
dynamics,  such  as  electron-driven  ion  instabilities.  But  it 
provides  an  indication  of  the  level  of  electron 
contamination  required  to  produce  significant  levels  of 


halo,  emittance  growth,  etc.,  via  uncompensated  reduction 
of  the  beam  space  charge. 

We  consider  three  types  of  electron  distributions: 
spatially  uniform,  random  variations  in  density,  and 
random  displacements  of  the  electron  cloud  centroid.  For 
all  cases  we  consider  the  electron  density  distribution  to 
be  uniform  within  the  nominal  ion  beam  envelope  inside  a 
quadrupole  (but  possibly  displaced  transversely).  This  is 
in  recognition  that  the  electrons  live  for  of  the  order  of  the 
time  to  drift  through  a  quadrupole  in  an  accelerator,  and 
that  they  random-walk  with  a  step  size  of  a  quadrupole 
half-lattice  period  in  a  (focused)  drift  section.  For  the 
cases  with  displacements  of  beam  centroid,  the 
displacements  are  taken  to  be  along  one  or  the  other  of  the 
lines  45°  from  the  quadrupole  principal  axes,  a  restriction 
consistent  with  electron  bounce  motion.  In  all  cases  the 
ions  are  followed  through  100  lattice  periods  (200 
quadrupoles). 
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Fig.  2.  x-y  ion  scatter  plots  for  (a)  no  electrons;  (b-c) 
constant  density;  (d-e)  randomly  modulated  density;  (e-f) 
random  displacements.  Percentages  are  mean  electron 
density  relative  to  peak  beam  density. 

Shown  in  Fig.  2  are  transverse-position  ion  scatter  plots  at 
the  end  of  the  run  for  following  distributions  of  electron 
density  Ue:  no  electrons;  uniform  10%  and  20%  relative 
(to  ions)  density,  random  quad-to-quad  ne  variations  with 
mean  densities  5%  and  10%  of  the  ion  density  (with 
100%  maximum  modulation  in  both  cases),  and  10% 
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mean  with  random  radial  displacements  (uniformly 
distributed  out  to  a  displacement  equal  to  a  beam  radius). 

Not  shown  are  cases  with  random  amplitude  variations 
about  a  2%  mean  and  radial  displacements  of  a  20% 
electron  cloud;  the  former  shows  only  small  departures 
from  the  case  with  no  electrons;  the  latter  is  similar  to  fig. 
2e..  Also  not  shown  is  a  100%  amplitude-modulated  10% 
density  case,  but  with  the  mean  subtracted  out  (that  is, 
“electron”  densities  vary  from  -10%  to  +10%);  the  results 
are  qualitatively  indistinguishable  from  the  case  with  the 
mean  present.  From  these  figures  we  conclude  that,  over 
the  length  considered,  a  uniform  electron  cloud  has  little 
effect  through  at  least  10%  relative  density,  while  at  20% 
relative  density  significant  beam  degradation  occurs.  But 
the  effects  are  stronger  for  random  offsets,  and  stronger 
yet  for  random  amplitude  variations;  in  particular,  with 
the  random  variations,  significant  spreading  is  observed 
with  lower  fractional  electron  densities. 

We  can  also  analyze  the  evolution  of  various  statistical 
quantities  as  the  beam  propagates.  For  all  cases  with 
finite  He,  the  beam  emittance  grows  approximately 
linearly  (or  a  bit  faster)  until  the  envelope  becomes  laige 
enough  that  significant  scrape-off  on  the  pipe  (r  =  2.3  cm) 
occurs,  and,  for  the  highest-nc  cases,  subsequently  grows 
dramatically.  During  the  same  time  interval,  the  beam 
envelope  grows  roughly  linearly  for  the  random  amplitude 
and  offset  cases,  and  faster  than  linear  for  constant  n^. 
The  beam  current  is  nearly  constant  during  this  period 
(but  decreases  significantly  after).  As  examples,  we  show 
the  principal-direction  emittances  and  and  envelopes 
(twice  the  r.m.s.  transverse  coordinates)  as  functions  of 
axial  position  for  the  5%  and  10%  density-with- 
amplitude-modulation  cases.  These  results  illustrate  that 
the  change  in  statistical  quantities  varies  more  rapidly 
than  the  electron  density;  we  will  characterize  this  trend 
more  quantitatively  in  the  future. 


Fig.  3.  x-y  emittances  (a,c)  and  envelopes  (b,d)  for 
randomly  modulated  density  about  5%  (a,b)  and  10%  (c,d) 
relative  electron  density 


DISCUSSION 

We  have  reported  on  first  steps  in  a  program  to  develop 
a  self-consistent  picture  of  electron  clouds  and  their 
effects  on  ions  in  HIF  accelerators.  Our  suite  of 
simulation  tools  will  be  applicable  to  a  broad  range  of 
accelerators,  though  our  focus  in  this  paper  is  on  the 
unique  aspects  of  the  HIF  application.  The  HIF 
application  is  distinguished  by  its  geometry  (linear),  its 
long  pulse  length,  high  current,  and  high  fraction  of  the 
radial  cross  section  filled  by  beam. 

The  results  on  the  electron  clouds  produced  from 
secondary  electrons  associated  with  ion  scrape-off  show 
expected  behavior:  ions  are  scraped  off  predominantly  in 
the  interior  of  the  quadrupole  where  the  elliptical 
distortion  of  the  beam  envelope  is  greatest;  most  ion  loss 
is  then  at  azimuthal  positions  where  field  lines  are  short 
and  nearly  tangent  to  the  walls.  The  results  lack,  and 
underscore  the  need  to  include,  surface  ion  scattering, 
which  will  result  in  more  electrons  being  released  on  field 
lines  that  penetrate  significantly  into  the  beam. 

The  simulations  of  frozen  negative  charge  perturbations 
on  ion  beam  quality  provide  a  useful  preview  of  effects 
that  may  be  expected  in  fully  self-consistent  electron-ion 
simulations.  In  particular  they  indicate  that  random 
fluctuations,  particularly  of  the  electron  density,  are 
considerably  more  effective  than  a  constant  electron 
density  in  destroying  the  ion  beam  quality.  They  also 
indicate  that  the  emittance  and  envelope  grow  gradually 
over  the  length  of  the  beam  until  the  beam  envelope 
reaches  the  vicinity  of  the  beam  pipe,  and  that  their 
growth  scales  faster  than  linear  with  the  electron  density. 
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Abstract 

RHIC  is  currently  the  only  hadron  collider  in  which 
strong-strong  beam-beam  effects  can  be  seen.  For  the 
first  time,  coherent  beam-beam  modes  were  observed  in  a 
bunched  beam  hadron  collider.  Other  beam-beam  effects 
in  RHIC  were  observed  in  operation  and  in  dedicated  ex¬ 
periments  with  gold  ions,  deuterons  and  protons.  Obser¬ 
vations  include  measurements  of  beam-beam  induced  tune 
shifts,  lifetime  and  emittance  growth  measurements  with 
and  without  beam-beam  interaction,  and  background  rates 
as  a  function  of  tunes.  During  ramps  unequal  radio  fre¬ 
quencies  in  the  two  rings  cause  the  crossing  points  to  move 
longitudinally.  Thus  bunches  experience  beam-beam  inter¬ 
actions  only  in  intervals  and  the  tunes  are  modulated.  In 
this  article  we  summarize  the  most  important  beam-beam 
observations  made  so  far. 

1  INTRODUCTION 

The  beam-beam  interaction  is  a  major  consideration  in 
the  operation  of  RHIC.  It  can  lead  to  emittance  growth 
and  particle  loss,  and  is  a  source  for  experimental  back¬ 
ground.  Machine  parameters,  close  to  the  maximum  pa¬ 
rameters  achieved  so  far,  are  presented  in  Tab.  1.  RHIC 
consists  of  two  superconducting  rings.  Blue  and  Yellow, 
and  has  produced  gold-gold,  proton-proton  and  deuteron- 
gold  collisions  [1].  With  RHIC’s  interaction  region  design 
(Fig.  1)  and  with  4  experiments  beams  experience  4  head- 
on,  and  2  long-range  collisions  per  turn.  The  long-range 
interactions  are  with  at  least  7  rms  beams  sizes  separation. 
With  120  or  less  bunches  per  ring  (the  current  limit),  sets 
of  3  bunches  in  one  ring  and  3  bunches  in  the  other  ring  are 
coupled  through  the  beam-beam  interaction. 

Even  small  tune  shifts  due  to  the  beam-beam  interaction 
can  be  observed  directly  with  a  high  precision  tune  mea¬ 
surement  system  [2].  In  Fig.  2  a  tune  shift  measurement  is 
shown  that  was  taken  3  hours  into  a  gold-gold  store. 

Two  beam  splitting  DX  dipoles  are  the  magnets  closest 
to  the  interaction  point  (IP).  They  are  each  10  m  away  from 
the  IP  (Fig.  1).  Beams  collide  nominally  without  a  crossing 
angle.  With  rf  manipulations,  the  crossing  point  can  be 
moved  longitudinally.  If  the  bunch  spacing  is  large  enough 
(with  60  or  less  bunches  per  ring),  it  is  possible  to  separate 
the  beams  longitudinally  and  switch  off  all  6  beam-beam 
interactions.  If  the  crossing  point  is  moved  within  the  DX 
magnets,  an  observed  tune  shift  is  a  sign  of  crossing  angles 
(Figs.  1  and  2).  The  sum  of  all  residual  crossing  angles  is 
typically  about  0.5  mrad. 
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Table  1:  Machine  parameters  relevant  to  beam-beam  inter¬ 
actions,  for  Au-Au  and  p-p  collisions. 


parameter 

unit 

Au-Au 

p-p 

relativistic  7,  injection 

10.5 

25.9 

relativistic  7,  store 

107.4 

106.6 

no  of  bunches  rib 

55 

55 

ions  per  bunch  ATj 

10® 

1 

100 

emittance  eNx,yQh% 

fjm 

10 

20 

chromaticities 

(-^2,+2) 

harmonic  no.  h,  store 

7x360 

360 

synchrotron  tune  Qs 

10“® 

3.0 

0.5 

rms  bunch  length 

m 

0.3 

0.7 

rms  momentum  spread  ap/p 

10“® 

0.15 

0.3 

envelope  function  at  IP  ,8* 

m 

1 

-10 

beam-beam  ^/IP 

0.0023 

0.0037 

crossing  angle  B 

mrad 

0.0 

head-on  collisions 

4 

parasitic  collisions 

2 

Beam-beam  phenomena  observed  in  other  hadron  collid¬ 
ers  [3]  can  also  be  seen  in  RHIC.  In  addition,  with  bunches 
of  equal  intensity  the  beams  are  subject  to  strong-strong 
effects.  To  accommodate  acceleration  of  different  species, 
the  two  RHIC  rings  have  independent  rf  systems.  With  dif¬ 
ferent  rf  frequencies  the  beam-beam  interaction  is  modu¬ 
lated  and  can  have  a  visible  impact  on  the  beam  lifetime. 

The  beam-beam  tune  shift  depends  on  the  bunch  inten¬ 
sity  and  emittance.  Since  the  bunch  intensities  can  be  mea¬ 
sured  with  good  precision,  the  beam-beam  tune  shift  mea¬ 
surement  also  provides  an  emittance  estimate. 

2  LIFETIMEANDEMITTANCEGROWTH 

The  beam-beam  interaction  is  most  pronounced  for 
proton-proton  collisions  with  larger  13*  values  (Tab.  1).  In 
lattices  with  small  /?*  uncoirected  nonlinear  field  errors  in 
the  triplets  have  a  significant  impact  on  the  beam  lifetime. 
Fig.  3  shows  the  distributions  of  the  bunched  beam  life¬ 
times  for  polarized  proton  collisions  during  the  2001  mn, 
with  /?*  =  3  m  at  all  IPs.  The  distributions  are  relatively 


Figure  1;  RHIC  interaction  region.  Beams  share  a  common 
beam  pipe  between  the  beam  splitting  DX  dipoles.  The 
bunch  spacing  shown  corresponds  to  a  fill  pattern  of  120 
syimnetrically  distributed  bunches. 
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0.23loi-  Au  after  3h  store 


Figure  2:  Tune  as  a  function  of  longitudinal  beam  crossing 
position.  Cogging  by  one  acceleration  bucket  moves  the 
crossing  point  by  5  m. 

wide  with  a  mean  of  about  15  hours.  The  average  bunch 
intensity  for  all  stores  in  the  plot  is  ATj  =  0.4  •  10^^.  Gold 
beam  lifetimes  are  generally  lower  due  to  intra-beam  scat¬ 
tering.  A  deuteron  beam  without  collisions,  in  a  lattice  with 
P*  =  2  -  10  m,  provides  a  good  comparison  to  see  the 
impact  of  the  beam-beam  interaction.  Its  lifetime  is  only 
marginally  influenced  by  intra-beam  scattering  or  nonlin¬ 
ear  triplet  errors.  55  bunches  with  Nb  =  0.5  •  10^^  stored 
for  an  hour,  showed  a  lifetime  of  830  h. 

From  the  change  in  the  beam  intensity  and  the  observed 
luminosity  an  estimate  for  the  emittance  growth  can  be  ob¬ 
tained,  assuming  the  same  emittance  in  both  beams.  For 
proton-proton  collisions  we  find  Ae/e  =  4%  in  the  first 
store  hour  (with  an  rms  value  of  5%).  For  comparison,  no 
emittance  growth  was  observed  with  the  ionization  profile 
monitor  in  the  deuteron  beam  measurement  without  beam- 
beam  interaction. 

3  WORKING  POINT  AND  BACKGROUND 

Both  transverse  RHIC  fractional  tunes  {Qx,Qy)  are  kept 
between  0.2  and  0.25,  and  during  stores  close  to  the  cou¬ 
pling  resonance  ==  Qy.  In  this  area  the  lowest  order 


Lifetime  [h] 

Figure  3:  Blue  and  Yellow  bunched  beam  lifetimes  with 
proton-proton  collision  during  one  month  of  operation. 


Figure  4:  Experimental  background  rates  as  a  function  of 
fractional  tunes.  For  these  measurements  deuterons  in  the 
Blue  ring  collide  with  gold  ions  in  the  Yellow  ring.  The 
total  beam-beam  tune  spread  due  to  the  beam-beam  inter¬ 
action  is  about  AQtot  —  0.005  in  both  measurements. 

resonances  are  of  order  9,  13,  14  and  17  (Fig.  4).  If  the 
nonlinear  dynamics  are  dominated  by  the  beam-beam  in¬ 
teraction  and  the  crossing  angles  are  all  zero,  no  odd-order 
resonances  are  driven. 

Experimental  background  rates  were  observed  as  a  func¬ 
tion  of  the  tunes  with  deuteron-gold  collisions  (Fig.  4).  The 
tunes  were  moved  parallel  to  the  Q*  =  Qj,  line,  scanning 
the  area  considered  for  operation.  With  both  beams,  high 
background  rates  were  found  near  9*^  order  resonances, 
and  low  background  rates  near  13*'*  order  resonances.  The 
working  points  with  low  background  rates  are  used  in  op¬ 
eration.  High  background  rates  near  9*'*  order  resonances 
are  another  sign  of  residual  crossing  angles  (cf.  Fig.  2).  In¬ 
creased  background  rates  were  also  found  with  a  transverse 
offset  [4]. 

4  STRONG-STRONG  OBSERVATIONS 

RHIC  sees  strong-strong  beam-beam  effects.  In  addition 
to  the  tune  (cr-mode)  a  new  transverse  oscillation  mode  (tt- 
mode)  occurs.  For  a  single  collision  per  turn  the  rr-mode  is 
at  a  tune  Y ^  below  the  o--mode,  where  Y  w  1.2  for  round 
beams  [5].  If  the  beam-beam  interaction  is  the  dominant 
nonlinear  effect,  the  rr-mode  can  be  outside  the  continuous 
spectrum  and  thus  be  undamped  [6]. 

Coherent  beam-beam  modes  were  observed  in  an  ex¬ 
periment  with  proton  beams,  with  a  beam-beam  parame¬ 
ter  ^  =  0.003  and  a  single  collision  per  turn  (Fig.  5).  The 
measured  difference  between  the  cr-  and  w-modes  is  con¬ 
sistent  with  a  Yokoya  factor  of  F  «  1.2.  The  locations 
of  the  TT-modes  were  reproduced  in  a  strong-strong  simula¬ 
tion  [8].  7r-modes  were  also  observed  in  routine  operation 
with  a  beam-beam  parameter  ^  =  0.0015,  four  collisions 
per  turn  and  linear  coupling  (Fig.  6).  The  rr-modes  could 
be  suppressed  by  small  changes  in  one  of  the  tunes. 
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Tune 

Figure  5:  Coherent  dipole  modes  in  an  experiment  with 
a  single  proton  bunch  per  beam,  and  in  a  corresponding 
simulation  [8].  ^  =  0.003,  spectra  from  4096  turns. 


Figure  6:  Coherent  dipoles  modes  in  operation  with  4  col¬ 
lisions  per  turn.  ^  =  0.0015/IP,  spectra  from  1024  turns. 


5  UNEQUAL  RF  FREQUENCIES 


When  the  two  RHIC  beams  have  different  radio  frequen¬ 
cies  frf  the  beam  crossing  points  move  longitudinally  with 
the  speed 

where  c  is  the  particle  speed.  Values  of  A/^/  =  5  Hz 
and  vcp  =  27  m/s  are  typical  for  gold  beams  in  both 
rings.  When  deuteron  and  gold  beams  were  injected  with 
the  same  rigidity,  Afrf  =  44  kHz  is  needed  and  vcp  — 


3  m/tum.  Beams  experience  the  beam-beam  interaction 
only  when  the  crossing  point  is  between  the  DX  magnets 
(Fig.  1).  With  slowly  moving  crossing  points  (gold-gold 
case)  the  beam-beam  interaction  is  modulated,  with  fast 
moving  crossing  points  (deuteron-gold  case)  beams  expe¬ 
rience  pseudo  random  interactions  in  time. 

Slowly  moving  crossing  points  and  head-on  collisions 
lead  to  tune  modulation  and  to  unacceptable  beam  life¬ 
time  [9].  The  tune  modulation  depth  is  determined  by  the 
beam-beam  parameter,  the  modulation  waveform  by  the 
crossing  angle,  and  the  modulation  frequency  by  the  fill 
pattern  and  the  difference  in  the  rf  frequencies  A/r/.  Fig.  7 
shows  a  case  typical  for  gold-gold  operation.  To  avoid  this 
unwanted  effect,  beams  are  transversely  separated  during 
ramps.  For  proton  beams,  which  do  not  pass  through  tran¬ 
sition,  the  frequencies  were  locked  on  the  ramp  [10]. 


Figure  7:  Ibne  modulation  of  particles  in  the  center  of  a 
bunch  due  to  moving  collsion  points,  for  A/r/  =  5  Hz, 
no  crossing  angle,  60  bunches  and  a  total  beam-beam  tune 
shift  of  AQtot  =  -0.005. 


The  fast  moving  crossing  points  with  deuteron  and  gold 
beams,  injected  at  the  same  rigidity,  lead  to  unaccept¬ 
able  beam  lifetime  even  with  large  beam  separation.  Both 
beams  experienced  pseudo-random  dipole  kicks  that  lead 
to  emittance  growth.  Beams  had  to  be  injected  at  the  same 
relativistic  7,  and  therefore  the  same  rf  frequency,  to  avoid 
this  effect. 

6  SUMMARY 

The  beam-beam  interaction  has  a  significant  impact  on 
lifetime  and  emittance  of  the  RHIC  beams.  In  addition  to 
beam-beam  effects  observed  in  other  hadron  colhders,  co¬ 
herent  beam-beam  modes  were  seen  for  the  first  time.  With 
independent  rf  systems  for  both  rings,  differences  in  the 
rf  frequencies  can  lead  to  tune  modulation  and  emittance 
growth. 
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Abstract 

The  small  Isochronous  Ring  (SIR),  whose  main  objec¬ 
tives  are  experimental  smdies  of  space  charge  effects  in  the 
isochronous  regime  and  validation  of  space  charge  codes, 
is  under  development  at  the  National  Superconducting  Cy¬ 
clotron  Laboratory  (NSCL)  at  Michigan  State  University 
(MSU).  The  ring  is  a  small-scale  experiment  that  simulates 
the  dynamics  of  intense  beams  in  large-scale  accelerators. 
It  will  store  hydrogen  and  deuterium  ions  at  energies  of  ap¬ 
proximately  20-30  keV  for  a  few  tens  of  turns.  The  low 
beam  energy  and  the  small  scale  of  the  experiment  pro¬ 
vide  a  unique  opportunity  to  perform  accurate  experiments 
on  space  charge  dominated  beams  that  are  difficult  to  con¬ 
duct  in  large-scale  accelerators  because  of  power  and  tim¬ 
ing  limitations  imposed  on  beam  diagnostics.  The  paper 
reports  the  status  of  the  project  and  describes  the  progress 
in  the  development  of  ring  subsysteiiis. 

INTRODUCTION 

In  recent  years,  there  has  been  a  increased  interest  in 
space  charge  effects  in  isochronous  cyclotrons.  Inspired 
by  successful  high-current  operation  of  the  Ring  Cyclotron 
at  PSI,  several  authors  proposed  to  use  an  isochronous  cy¬ 
clotron  as  a  driver  for  a  number  of  applications  [1],[2],[3] 
including  radioactive  waste  transmutation,  energy  produc¬ 
tion  with  accelerator  driven  nuclear  reactors,  generation  of 
neutrons  and  other  secondary  particles,  etc.  Tentative  de¬ 
signs  of  such  a  machine  have  a  maximum  beam  energy  of 
1  GeV  and  a  beam  current  of  10  mA,  yielding  a  total  beam 
power  of  10  MW. 

Successful  operation  of  a  10  MW  cyclotron  would  be 
impossible  without  a  deep  understanding  of  space  charge 
effects  in  the  isochronous  regime.  There  is  a  tremendous 
demand  for  experimental  data  that  can  be  extrapolated  to 
predict  the  evolution  of  beams  of  higher  intensity.  This 
experimental  data  can  be  also  used  to  validate  codes  that  are 
used  for  simulations  of  space  charge  effects  in  cyclotrons 
and  other  types  of  machines. 

Detailed  measurement  of  beam  parameters  in  exist¬ 
ing  high  current  machines  is  difficult  because  of  power 
and  timing  requirements  on  diagnostics.  We  developed 
the  Small  Isochronous  Ring  (SIR)  project  ([4],[5],[6])  at 
Michigan  State  University  to  study  space  charge  effects  in 
circular  machines  working  in  or  close  to  the  isochronous 
regime.  The  ring  is  a  small-scale  experiment  that  requires 
low  beam  intensities  to  simulate  the  dynamics  of  intense 
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beams  in  large-scale  accelerators.  The  important  issues 
to  be  addressed  by  the  ring  are  the  space  charge  induced 
vortex  motion  specific  to  the  isochronous  regime,  the  lon¬ 
gitudinal  break-up  of  long  bunches,  formation  of  the  self- 
consistent  stable  charge  distribution  by  short  bunches,  and 
formation  of  weak  beam  tails  and  beam  halo.  The  results 
of  the  experiments  will  have  applications  to  high  current 
isochronous  cyclotrons  and  synchrotrons  at  the  transition 
gamma.  The  possibility  of  accurate  measurement  of  beam 
parameters  will  also  allow  SIR  to  be  used  as  a  convenient 
tool  for  validation  of  multi-particle  codes  used  for  space 
charge  simulations. 

DESIGN  FEATURES 

The  SIR  lattice  consists  of  four  90°  dipole  magnets  with 
edge  focusing.  The  edge  focusing  provides  both  vertical 
focusing  and  isochronism  in  the  ring.  Because  the  ring 
is  isochronous  there  is  no  need  for  an  RF  system  to  keep 
the  beam  bunched.  However,  an  accelerating  gap  can  later 
be  installed  in  the  ring  for  experiments  with  Wgh  inten¬ 
sity  beams  in  a  non-isochronous  regime.  In  the  operational 
ring,  a  pulsed  electrostatic  deflector  will  be  used  to  send 
the  beam  to  a  fast  Faraday  Cup  after  a  chosen  number  of 
turns.  The  longitudinal  beam  profile  will  be  measured  by 
the  Faraday  Cup  with  a  time  resolution  of  1  ns  that  corre¬ 
sponds  to  a  spatial  resolution  of  1-2  mm.  Examination  of 
the  beam  profile  measured  after  a  different  number  of  turns 
can  provide  better  insight  into  space  charge  effects  in  the 
isochronous  regime. 

Figure  Ishows  a  photograph  of  the  project  taken  in  May, 
2003.  Table  1  lists  main  SIR  parameters.  More  details  on 
the  SIR  lattice  and  beam  dynamics  in  the  ring  can  be  found 
in  [7]. 

Ion  source,  injection  line,  and  injection  system 

A  multi-cusp  ion  source  that  can  be  biased  up  to  30  keV 
is  used  for  production  of  hydrogen  beams.  The  source  gen¬ 
erates  three  mass  states:  H+,  F+,  and  H}.  A  dipole 
magnet  situated  70  cm  below  the  ion  source  separates  the 
species  and  sends  a  selected  beam  towards  the  ring.  The 
dipole  is  identical  to  the  four  magnets  that  form  the  ring. 
The  injection  line  also  includes  an  Einzel  lens,  a  beam  di¬ 
agnostics  box,  electrostatic  deflector  plates,  a  quadmpole 
triplet  that  matches  the  injection  line  with  the  ring,  and  a 
beam  chopper. 

The  beam  is  injected  into  the  ring  by  a  pulsed  electro¬ 
static  inflector.  Voltage  on  the  inflector  plates  is  regulated 
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Figure  1:  Photograph  of  the  project  taken  in  May,  2003. 
Four  magnets  seen  in  the  foreground  form  the  Small 
Isochronous  Ring.  Each  magnet  includes  an  aluminum  C- 
shaped  vacuum  chamber  with  bi-metal  flanges  attached  to 
the  ends.  C-shaped  tubes  of  the  two  magnets  closest  to  the 
injection  point  are  connected  to  the  vacuum  chamber  of  the 
injection  section.  A  piece  of  the  injection  line  connects  the 
injection  section  and  the  beam  emittance  measurement  box 
seen  in  the  background.  The  mass-state  separator  magnet 
with  the  ion  source  on  top  of  it  can  be  seen  behind  the  box. 


Table  1:  Main  SIR  parameters 


Beams 

H^,D 

Max.  Energy 

30keV 

/3(E=20keV) 

5 • 10“^ 

Bare  tunes,  v^,  Uy 

1.15, 1.11 

Compaction  factor,  Op 

1.0 

Circumference 

6.57  m 

Lap  time  (E=20  keV) 

bps 

Number  of  turns 

30 

(limited  by  vacuum) 

Repetition  rate 

100  Hz 

Peak  current 

20  pA 

Pulse  Length  (E=20  keV) 

50  ns  -  4  ps 

Emittance 

50  TT-  mm  •  mrad 

Inj./Extr.  energy  spread 

0.1%  - 10% 

SC  tune  shift 

0.05-0.2 

by  two  fast  semiconductor  switches  manufactured  by  Di¬ 
rected  Energy,  Inc.  The  switches  are  designed  to  drive  ca¬ 
pacitive  loads  and  capable  of  generating  3.5  kV,  rectangular 
pulses  with  a  rise/decay  time  of  25  ns. 

The  ion  source,  injection  line,  and  injection  section  of 
the  ring  have  been  assembled  and  beam-tested.  Paper  [8] 
provides  more  details  on  a  design  and  commissioning  of 
the  ions  source,  injection  line,  and  injection  system. 


Dipole  magnets,  quadrupole  correctors,  and 
steering 

Five  identical  dipole  magnets  are  used  for  the  project. 
Four  magnets  form  the  ring,  and  one  is  used  as  a  mass-state 
separator  in  the  injection  line.  Table  2  lists  main  parameters 
of  the  magnets. 


Table  2:  Magnet  parameters 


Gap 

71.4  mm 

Bending  angle 

90° 

Bending  radius 

0.45  m 

Magnetic  field 

800  Gauss 

Pole  face  angle 

26° 

Magnet  weight 

210  kg 

Power  consumption 

700  (x5=3500)  W 

All  the  dipole  magnets  have  been  assembled,  installed  on 
supports,  and  aligned.  Because  the  magnets  are  all  identi¬ 
cal,  we  have  mapped  only  one  of  the  magnets  in  detail. 
To  measure  the  field  we  used  an  NMR  probe  inside  of  the 
magnet  and  a  Hall  probe  close  to  the  edges.  A  normalized 
difference  of  the  measured  field  from  the  field  predicted  by 
TOSCA  did  not  exceed  3  •  10“'*  inside  the  magnet  and  2% 
at  the  edges.  The  measured  effective  length  of  the  mag¬ 
net  was  larger  than  predicted  by  2.54  mm  or  approximately 
0.3%.  Using  the  measured  field  we  calculated  the  betatron 
tunes  in  SIR.  The  radial  tune  Vx  had  the  same  value  in  the 
measured  field  and  in  the  field  generated  by  TOSCA.  The 
vertical  tune  Uy  calculated  in  the  measured  field  was  lower 
than  Vy  calculated  in  the  TOSCA  field  by  0.01. 

Each  dipole  magnet  includes  a  gradient  corrector  coil 
and  a  dipole  corrector  coil.  The  final  setup  of  the  ring  will 
also  include  four  electrostatic  quadrupoles  and  four  vertical 
electrostatic  deflectors. 


Vacuum  system 

The  vacuum  chamber  in  all  the  dipoles  is  made  of  alu¬ 
minum  to  avoid  complications  arising  from  variation  of  the 
li.  The  injection  line  and  parts  of  vacuum  chamber  between 
magnets  are  made  of  304  stainless  steel.  Aluminum  and 
stainless  steel  parts  are  joined  by  bi-metal  flanges  manu¬ 
factured  by  Atlas  Technologies. 

Two  main  sources  of  residual  gas  in  the  ring  are  out- 
gasing  from  the  walls  of  the  vacuum  chamber  and  the  gas 
flux  from  the  ion  source.  We  plan  to  use  three  or  four  500 
1/s  turbo-pumps  in  the  final  setup  with  one  or  two  pumps 
installed  in  the  injection  line  and  two  pumps  in  the  ring. 
Vacuum  calculations  show  that  pressure  in  the  ring  will 
be  lower  than  10“^  Torr  if  the  ion  source  pressure  is  1.0 
mTorr.  The  expected  beam  life-time  at  this  pressure,  which 
is  primarily  determined  by  electron  capture,  is  approxi¬ 
mately  100  turns. 


139 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


Diagnostics 

Diagnostics  in  the  injection  line  consist  of  the  beam 
emittance  measurement  box  and  a  Faraday  cup  installed  at 
the  end  of  the  line.  Currently  we  use  a  ’’slow”,  unmatched 
version  of  the  Faraday  cup,  which  will  be  later  substituted 
with  a  ’’fast”  coaxial  Faraday  cup. 

A  retractable  phosphor  screen  is  situated  in  the  injection 
section  of  the  ring.  It  can  be  moved  in  one  of  the  three  po¬ 
sitions:  in  the  way  of  the  beam  coming  from  the  injection 
line,  in  the  median  plane  to  detect  the  beam  after  a  sin¬ 
gle  turn,  and  below  the  median  plane  completely  out  of  the 
way.  The  rest  of  diagnostics  in  SIR  will  include  two  verti¬ 
cal  and  two  horizontal  scanning  wire  monitors,  two  capac¬ 
itive  BPMs,  and  a  movable  fast  Faraday  cup.  This  Faraday 
cup  will  be  used  for  measurement  of  the  2D  longitudinal- 
radial  profiles  of  the  beam  with  an  accuracy  of  1-2  mm. 

INJECTION  LINE  TEST 

The  injection  line  and  the  injection  section  of  the  ring 
along  with  pieces  of  the  vacuum  chamber  in  two  magnets 
closest  to  the  injection  point  were  assembled  and  pumped 
down  to  a  vacuum  of  5  •  10~®  Torr  after  several  days.  The 
first  attempt  to  mn  the  beam  through  the  injection  line  was 
successful.  A  15  keV  beam  went  through  the  injection 
line,  was  deflected  into  the  median  plane  of  the  ring,  and 
went  through  the  first  quarter  of  the  ring.  A  Faraday  cup 
situated  after  the  first  ring  dipole  registered  a  beam  current 
of  approximately  60  fiA.  The  measured  emittance  of  the 
beam  was  15  tt  •  mm  ■  mrad. 

The  beam  chopper  was  tested  in  the  regime  of  long 
bunches.  It  cut  the  DC  beam  into  5-/isec-long  pulses  that 
were  registered  by  the  “slow”,  unmatched  Faraday  cup  at 
the  end  of  the  injection  line.  A  test  of  the  capability  of  the 
chopper  to  generate  short  (50-ns-long)  bunches  requires  a 
Fast  Faraday  cup  with  better  time  resolution. 

FUTURE  PLANS 

Our  future  plans  include: 

•  Construction 

Design  and  assembly  of  remaining  pieces  of  the  vac¬ 
uum  chamber  of  the  ring.  Development,  test,  and  in¬ 
stallation  of  diagnostics  in  the  ring,  including  a  fast 
Faraday  cup.  Development  of  a  control  system  and 
control  software  for  the  project. 

•  Commissioning 

Injection  in  the  ring,  stable  multi-tum  operation,  and 
measurement  of  beam  parameters  for  low  beam  inten¬ 
sity,  1-5  /iA.  Use  of  deuterium  instead  of  hydrogen  if 
the  beam  life-time  is  too  short. 

•  Experiments,  Phase  I 

Experiments  on  the  longitudinal  beam  dynamics  in 
the  isochronous  regime  with  tune  shifts  of  0.03-0.05. 


Comparison  of  experimental  results  to  multi-particle 
simulations. 

•  Experiments,  Phase  II 

Experiments  with  high  intensity  beam  in  a  non- 
isochronous  regime.  An  expected  tune  shift  at  Phase 
II  is  0.2  and  larger.  Operation  of  the  ring  with  such  a 
beam  current  may  require  installation  of  a  simple  RF 
system. 
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Abstract 

The  Large  Hadron  Collider  (LHC)  is  under 
construction  at  CERN.  Most  of  its  27  km  underground 
tunnel  will  be  filled  with  superconducting  magnets, 
mainly  15  m  long  dipoles  and  3  m  long  quadrupoles.  The 
1232  main  dipole  and  392  main  quadrupole  magnets,  are 
eomplemented  by  a  number  of  insertion  quadmpole 
magnets:  including  86  MQM  (matching),  26  MQY  (wide 
aperture)  and  32  low-beta  quadrupoles  (the  latter  built  by 
KEK  and  Fermilab).  The  about  6000  superconducting 
corrector  magnets,  many  of  them  individually  powered, 
are  also  very  critical  for  the  functioning  of  the  accelerator. 
Using  copper  stabilized  NbTi  Rutherford  cables  or  single 
strands,  these  superconducting  magnets  will  operate  in 
superfluid  helium  at  1.9  K.  The  paper  reviews  the  main 
characteristics  of  these  magnets  and  addresses  the  critical 
points  of  the  design  with  respect  to  their  use  in  such  a 
complicated  accelerator  like  LHC.  Then  the  status  of  the 
production  of  the  superconducting  cable  and  of  the 
magnets  is  given,  with  particular  emphasis  given  to  the 
QA/QC  procedures  taken  to  ensure  the  industrial 
production  according  to  the  tight  requirements,  and  the 
results  on  the  first  30  main  dipoles  is  presented.  Finally, 
the  plan  put  in  place  to  meet  the  LHC  schedule  is 
discussed. 

INTRODUCTION 

The  Large  Hadron  Collider  [1]  is  designed  to  accelerate 
two  counter  rotating  proton  beams  from  injection  energy 
of  0.45  TeV  up  to  a  fiat  top  energy  of  7  TeV,  at  which 
collisions  take  place  for  about  10  hours.  The  main  dipole 
magnets  (Main  Bends,  MBs),  fill  more  than  2/3  of  the 
ring,  a  27  km  ong  underground  tunnel.  The  remaining 
tunnel  length  is  almost  all  dedicated  to  beam  focusing 
(Main  Quadrupole,  MQ)  to  other  beam  optics  functions 
(chromaticity  control,  dispersion  suppression,  matching 
sections,  etc.)  and  to  the  Interaction  Regions.  This  means 
that  the  27  km  tunnel,  made  available  by  the 
decommissioning  of  LEP  in  2001,  will  be  filled  with 
about  19  km  of  cryodipoles  and  2.5  km  of  short  straight 
sections  (SSS)  that  accommodate  main  sextupoles  and 
corrector  magnets  in  the  same  cold  mass  of  the  MQ.  The 
dipoles  are  optical  elements  of  the  machine  and  they  must 
be  set  to  the  same  field  level,  or  better  still,  to  the  same 
bending  strength,  BL,  to  within  a  few  lO  '*'  The  poor 
performance  of  one  dipole  cannot  be  compensated  by 
better  performance  of  another  one  otherwise  the  weakest 
dipole  will  eventually  determine  the  energy  performance 
of  the  whole  maehine. 

In  total  1232  main  dipoles  (1 104  in  the  lattice  and  128 
in  the  Dispersion  Suppression  -DS-  sections)  and  392 
main  quadrupoles  (360  in  the  lattice  and  32  in  the  DS) 
will  be  installed.  The  MB  cross  section  is  shown  in  Fig.  1. 


The  main  magnets  are  eomplemented  by  86 
superconducting  quadrupoles  used  in  the  matching/DS 
sections  (MQM)  and  by  26  wide  aperture  quadrupoles 
(MQY)  that  play  a  fundamental  role  in  the  matching 
sections. 

The  interaction  regions  (IR)  are  equipped  with  32  single 
bore,  large  aperture  (70  mm),  5  m-long  superconducting 
quadrupoles  and  with  20  special  dipoles  for  beam 
separation.  The  low  beta  quadrupoles  and  the  beam 
separation  dipoles  are  being  built  by  USA  National 
laboratories  and  by  KEK-J,  and  production  is  proceeding 
very  satisfactorily.  However  they  will  not  be  discussed  in 
this  paper. 

For  the  LHC  more  than  6000  superconducting  corrector 
magnets  are  foreseen.  All  are  powered  in  series  by  octant 
or  in  smaller  series,  with  exception  of  the  orbit  correctors, 
to  have  the  maximum  flexibility.  They  also  are  a 
considerable  challenge  in  the  Project. 


Fig.  1.  Cross  section  of  the  LHC  Main  Dipole  in  its 
cryostat. 

MAGNET  DESIGN 

Main  Dipoles 

The  design  of  the  LHC  MBs  has  gone  through  about  10 
years  of  evolution  with  three  generations  of  design  [2]  [3]. 
All  main  magnets  work  in  superfluid  helium  (a 
fundamental  choice  done  as  early  as  1989  to  allow  to  go 
beyond  8  T  with  a  sufficient  stability  margin).  The 
magnets  are  designed  for  a  nominal  operation  current  of 
about  11600  A  for  a  central  field  of  8.33  T,  with 
possibility  to  reach  9  T  (ultimate  field).  The  basic  design 
characteristics  of  the  present  third  and  final  generation 
are: 
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1)  Coil  Layout 

Coils  are  wound  from  NbTi  Rutherford  cables  whose 
characteristics  can  be  found  in  [4].  The  layout  is  based  on 
six-eonductor  blocks  arranged  in  two  nested  layers.  The 
six-block  arrangement  is  more  stable  and  leaves  more 
room  for  minor  optimizations. 

2)  Collars 

They  are  of  the  twin  type,  i.e.  unique  collar  for  the  two 
apertures.  They  are  obtained  by  fine  blanking  according  to 
a  shape  that  results  in  the  desired  coil  cavity  geometry 
under  stress  and  cold  conditions.  For  this  reason  the 
collars  are  slightly  elliptical  (s  =  0. 1  mm)  when  punched. 
The  choice  of  stainless  steel,  introduced  relatively  late  in 
the  Project  after  a  long  period  when  an  aluminum  alloy 
was  preferred,  is  not  strictly  necessary  to  reaeh  the  design 
field  but  allows  a  more  comfortable  margin  in  the 
construction  and  assembly  tolerances.  This  partly 
compensates  for  the  higher  cost  of  austenitic  steel  with 
respeet  to  aluminum  alloy.  Also,  thanks  to  its  higher 
rigidity,  the  use  of  austenitic  steel  helps  to  limit  conductor 
movements,  an  important  issue  in  magnets  where  field 
accuracy  is  required  at  1  cm  from  the  conductor.  The 
severe  tolerance  on  collars  (±25  micron)  are  respected  in 
production  with  a  reasonable  margin,  although  we  have  to 
check  carefully  that  jumps  due  to  tool  sharpering  or 
replacement  are  controlled. 

3)  Coils  Characteristics 

The  coils  are  composed  of  poles  of  two  layers  each. 
The  need  to  avoid  sorting  that  would  certainly  slow  the 
production,  or  make  it  more  complicated,  requires  that 
each  pole,  and  even  each  layer,  be  identical  within 
100  nm.  Indeed  a  100  pm  variation  in  the  azimuthal  coil 
size  corresponds  to  a  variation  of  about  0.1%  of  the  main 
field,  3.5  and  -0.4  units  (10‘^)  of  the  main  harmonics, 
sextupole  and  decapole  respectively,  and  to  about  12  MPa 
in  azimuthal  coil  pre-stress.  A  coil  with  nominal  size  and 
compressive  modulus  (some  12  MPa  at  room  temperature 
and  17  MPa  at  cold)  will  be  submitted  to  75  MPa  pre¬ 
stress.  Since  the  allowed  range  for  coil  pre-stress  is  60- 
90  MPa,  if  the  coils  differ  more  than  125  pm  from  the 
target  they  will  require  a  shim  thickness  different  from  the 
nominal  size,  to  the  detriment  of  the  field  quality.  This 
reason  together  with  necessity  of  top-bottom  and  left-right 
symmetry  means  that  the  coils  must  all  be  similar,  within 
the  quoted  figures.  The  strategy  is  to  avoid  single  coil 
shim  adaptation  for  reasons  of  time  and  cost  and  to 
control  components  dimensions  and  process 
characteristics  vs.  time. 

4)  Cold  Mass  Assembly 

The  collared  coil  assembly  is  surrounded  by  the 
magnetic  circuit  contained  by  a  shrinking  cylinder,  see 
Fig.  1,  formed  by  welding  two  half-shells  made  out  of  316 
LN  stainless  steel.  This  provides  the  necessary  rigidity  for 
the  whole  magnet.  The  forces  are  transmitted  by 
interference  among  very  rigid  pieces  (collars  and  yoke). 
Therefore  not  only  the  precision  of  the  single  pieces  is 
high  but  the  assembly  must  also  ensure  this  precision  over 
the  15  m  magnet  length. 


It  is  of  some  interest  to  note  that  near  the  magnet  ends, 
for  370  mm,  the  laminations  are  composed  of  an  outer 
shell  of  low  carbon  steel,  like  the  magnet  straight  part, 
and  with  an  inner  shell,  20  mm  thick,  of  special  non 
magnetic  stainless  steel  whose  mechanical  properties, 
namely  the  thermal  contraction,  have  been  selected  in 
order  to  match  exactly  that  of  the  iron.  These  nested 
laminations,  are  designed  to  lower  the  peak  field  on  the 
coil  end  (always  a  quench  risk  region)  while  preserving 
the  maximum  magnetic  length  and  improving  the 
quadrupole  due  to  aperture  coupling  at  the  end. 

The  magnet  must  be  curved,  with  a  sagitta  of  about  9 
mm,  corresponding  to  a  radius  of  curvature  of  2812.36  m. 
This  curvature  has  a  tolerance  of  ±  1  mm,  with  the 
exception  of  the  extremities  of  the  magnet  where  the 
tolerance  is  tighter:  ±0.3  (systematic)  and  0.5  mm  r.m.s.  in 
order  to  keep  the  corrector  magnets  centered  with  respect 
to  the  beam  tube,  to  avoid  harmonic  feed  down 
(detrimental  to  beam  optics.) 

Main  Quadrupoles 

In  order  to  save  money  and  complexity  over  the  whole 
project,  the  coil  is  not  graded,  and  the  same  cable, 
identical  to  the  one  used  for  the  outer  layer  of  the  MBs,  is 
employed  to  wind  both  layers  of  the  quadrupoles.  This 
means  that  the  magnetic  design  is  not  fully  optimized  but 
allows  the  use  of  real  double  pancake  techniques, 
avoiding  the  splice  between  layers  in  the  high  field 
region.  Nominal  gradient  is  223  T/m,  and  241  T/m  at 
ultimate  machine  performance  (9  T  dipole  field)  when  the 
peak  field  in  the  coils  reaches  7.5  T.  It  is  worth  noticing 
that  although  the  peak  field  is  somehow  reduced  in  the 
MQs  with  respect  to  the  MBs,  the  field  quality  is  not.  Due 
to  a  decision  to  eliminate  the  dodecapole  (first  allowed 
harmonic  in  quadrupoles)  corrector  magnets  in  the 
machine,  the  field  quality  of  all  quadrupoles  must  be 
excellent. 

Each  coil  aperture  is  independently  collared  in  a  four¬ 
fold  symmetric  vertical  press,  with  strong  non-magnetic 
austenitic  steel  single  collars,  27  mm  thick.  The  two 
apertures  are  then  assembled  in  a  laminated  yoke  with  a 
central  iron  arm  that  decouples  the  two  apertures.  Each 
coil-collar  assembly  is  not  supported  by  the  yoke  (self 
supporting  collars),  that  is  coupled  to  the  coils  only  by  3.5 
m  long  centering  and  antitorsion  keys.  As  it  is  well  known 
for  quadrupoles  the  alignment  is  a  critical  issue.  It  is 
obtained  by  fitting  with  dowels  the  yoke  into  a  very 
precise  (better  than  100  pm  straightness)  5.3  m  long 
inertia  tube.  The  same  inertia  tube  is  used  also  to  ensure 
the  proper  alignment  for  other  magnets,  like  sextupoles, 
octupoles  and  corrector  magnets,  forming  the  so  called 
straight  sections.  Keeping  the  tolerances  on  this  assembly 
will  be  one  of  the  major  challenges  in  the  MQ 
construction. 

A  detailed  review  of  the  MQ  design  together  with  the 
results  on  the  prototyping  phase  is  reported  in,  [6].  The 
MQ  is  a  collaboration  among  CERN  and  CEA-Saclay 
who  took  care  of  the  design,  prototyping  and  is  involved 
in  the  follow-up. 
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Insertion  Magnets 

For  dispersion  suppression  a  certain  number  of  standard 
MQ,  will  be  inserted  in  special  cold  masses,  and  special 
quadrupoles,  MQM,  are  employed.  MQM  has  been 
specially  designed  to  provide  almost  the  same  gradient,  in 
the  same  aperture  as  the  one  of  the  MQ,  with  5  kA  only. 
Since  each  of  them,  and  each  aperture,  is  independently 
powered,  high  current  would  have  implied  too  large 
power  dissipation  at  1.9  K.  In  addition  they  come  in  a 
variety  of  lengths,  the  longest  being  L„,  =4.8  m.  They 
have  self-supporting  collars  and  the  yoke  is  enclosed  by  a 
shrinking  cylinder  to  provide  rigidity  and  a  rather  low  pre¬ 
stress. 

The  MQY,  whose  design  stems  out  from  the  first  LHC 
design  for  an  IR  quadrupoles,  has  the  difficult  task  to 
accommodate  larger  bore  quadrupole  (70  mm)  while 
keeping  the  inter-beam  distance  of  194.3  mm.  The 
necessity  of  independent  powering  and  single  cryogenic 
feed  for  each  of  them  has  been  satisfied  with  a  design  that 
requires  special  grading  of  the  cables  and  maximization  of 
the  overall  current  density  (fully  keystoned  cable). 
Because  of  the  advanced  design  they  can  deliver  a 
nominal  G  =  160  T/m  at  about  3.6  kA  at  4.5  K,  such 
making  possible  individual  cooling  circuit. 

A  cross  section  of  the  MQY  [7].  cold  mass  is  shown  in 
Fig.2. 


Fig.  2.  Cross  section  of  a  MQY,  with  its  very  thin  iron 
among  the  apertures 

Correctors  Magnets 

Here  the  variety  is  such  that  a  detailed  description  is  left 
to  a  specialized  paper.[8].  As  spool  pieces  on  all  the  main 
dipoles  we  have  sextupole  correctors  (one  per  channel, 
electrically  independent  to  allow  different  current)  and 
octupole  and  decapole  correctors  on  half  of  the  dipoles, 
only.  Most  of  the  approximately  1000  orbit  correctors,  are 
put  in  the  same  assembly  of  the  main  sextupoles  and 
mounted  in  the  inertia  tube  of  the  MQ.  The  same 
accommodation  has  been  found  for  the  main  octupoles 
and  the  tuning  quadrupoles,  all  placed  in  the  SSS  together 
with  MQ. 

For  most  of  these  magnets  the  special  counter  winding 
technique  has  been  applied,  with  formation  of  smalt  cable 
in  situ  by  joining  a  number  of  standard  strands  with  wet 
winding  technique,  to  have  a  relatively  high  current  at  low 
cost. 

Among  them,  particularly  challenging  is  the  long  tuning 
quadrupole,  MQTL,  that  have  to  operate  at  130  T/m,  has 


fully  impregnated  coils,  hot  shrink  fitted  with  a  cyilinder, 
and  whose  coil  length  is  almost  1.5  m. 

PROCUREMENTS  POLICY  AND 
PRODUCTION  STATUS 

Main  Dipoles  and  Main  Quadrupoles 

Three  companies,  involved  since  the  beginning  in  the 
R&D,  the  French  consortium  Alstom  MSA  -  Jeumont 
Industries,  Ansaldo  Superconduttori  (Italy)  and  Babcok 
Noell  Nuclear  (Germany),  were  each  assigned  a  pre-series 
contract  for  dipole  cold  masses  (3x30  dipoles)  in  autumn 
1999  and  the  final  contract  (series)  for  further  3x386 
dipoles  in  spring  2002,  for  a  total  contract  value 
exceeding  M€  300. 

For  the  MQs  the  strategy  was  different.  Given  the  size, 
full-length  prototyping  was  developed  in  the  laboratory 
(CEA-CERN).  Then  the  tender  among  all  European 
magnet  manufacturers  for  the  total  quantity  of  400  MQ 
was  assigned  in  1999  to  Accel  (Germany). 

CERN  Supplied  Components 

As  part  of  a  cost  saving  strategy  and  in  order  to  keep 
under  control  the  characteristics  of  the  magnet 
components  having  some  impact  on  the  final  quality  and 
on  the  schedule,  all  main  components  are  supplied  by 
CERN  to  the  magnet  manufacturers. 

This  strategy  implies  that  CERN  becomes  a  supplier  of 
its  suppliers  with  an  intricate  share  of  responsibility  that 
makes  CERN  fully  responsible  for  the  magnet 
performance,  except  in  case  of  negligence  or  clear  fault  of 
the  dipole  manufacturer.  This  requires  a  complex  strategy 
of  component  procurement  and  storage.  Logistics  is 
certainly  one  major  challenge  in  this  magnet  production, 
together  with  handling  of  traceability  and  non-conformity, 
all  done  through  an  “ad  hoc”  system  called  MTF  and 
suitable  database. 

CERN  Supplied  Large  Tooling 

Most  of  the  large  tooling,  such  as  the  machine  for  coil 
measuring  and  the  large  presses  used  for  coil  collaring 
and  for  cold  mass  welding  were  specified  and  procured 
directly  by  CERN.  In  particular  the  construction  and  the 
commissioning  of  the  welding  presses  were  very 
complicated.  These  presses  have  to  assure  the  delivery  of 
a  compressive  force,  to  align  laminations  and  to  stress  the 
skin,  while  maintaining  the  alignment  of  the  15  m  long 
cold  mass  according  to  a  shape  that,  once  the  shells  are 
welded,  should  ensure  the  right  curvature.  They  are 
equipped  with  automatic  synchronous  (both  sides) 
welding  equipment,  capable  of  carrying  out  the  welds  of 
the  10  mm  thick  316  LN  half-shells  in  a  single  working 
shift.  The  weld  must  guarantee  good  quality  and  a  regular 
pre-stress  of  about  150  ±  30  MPa  and,  of  course,  be  leak 
tight  to  about  10'''mbar  1  s  ’.  The  root  pass  is  welded  by 
STT,  a  rather  new  process  with  speed  of  70  mm/minute, 
that  has  the  main  advantage  of  being  able  to  tolerate  gap 
variation  of  almost  ±  1  mm.  The  equipment  for  SST  and 
MIG  is  the  same,  with  an  obvious  advantage  (MIG  is  a 
necessary  choice  for  the  filling  passes. 
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Finally,  as  part  of  the  large  tooling  it  is  worth 
mentioning  among  others  the  Laser  Tracker  that  is 
fundamental  to  measure  the  curvature,  planarity,  twist, 
and  inter-aperture  distance  of  the  magnets,  all  along  the 
15  m  long  narrow  Cold  Bore  Tube  (CBT),  with  the 
requested  0.1  mm  precision.  It  is  also  essential  to  measure 
the  position  (and  actually  to  facilitate  in  the  positioning 
during  their  assembly),  of  the  all  “3-D”  components,  i.e. 
at  the  magnet  extremities.  As  previously  said  there  are 
elements  that  need  to  be  positioned  and  welded  at  ± 
0.3  mm  distance  from  the  ideal  line  that  is  defined  by  the 
center  of  the  CBT.  Although  difficult  to  operate  in  an 
industrial  environment  that  looks  for  quality  but  also  time 
schedule,  the  Laser  Tracker  is  proving  to  be  essential, 
without  which  the  required  geometry  and  alignment  of 
these  magnets  cannot  be  guaranteed. 

For  MB  the  companies  have  almost  all  tooling  installed 
and  qualified  and  they  have  60-70%  of  the  personnel 
required  for  full  rate  production,  about  35  MB/months  in 
total,  to  be  reached  in  June  2004.  One  year  of  delay  has 
been  accumulated  in  the  pre-series  phase,  and  integrated 
in  the  main  contract  signature.  To  date  all  companies  have 
almost  finished  the  pre-series  magnets  and  are  already 
winding  and  collaring  for  the  series.  The  main  problem 
we  are  currently  working  on  is  the  quality  of  the  welding, 
since  repair  can  be  accepted  for  only  a  very  limited 
number  of  magnets,  in  order  to  avoid  cost  and  delays. 
Furthermore  the  non  perfect  operation  of  the  welding  is 
probably  one  of  the  sources  of  the  too  large  variability  of 
the  magnet  curvature:  an  attempt  to  cure  it  with  a  re¬ 
shaping  did  not  give  good  results  and  the  baseline  to 
obtain  good  shape  directly  from  the  press  is  pursued.  The 
contract  calls  for  a  termination  in  summer  2006  with  very 
little  margin  over  the  installation  schedule  and  today  we 
have  2-3  months  of  delay. 

For  the  MQ  all  the  tooling  is  ready  and  personnel  has 
been  hired  and  trained.  Some  six  months  delays  has  been 
built  up  due  to  longer  time  to  prepare  the  new  workshop, 
to  revamp  the  CEA  tooling,  to  install  and  qualify  properly 
the  new  tooling  and  to  start  production  of  some  critical 
element  (like  end  spacers).  Then  a  major  delay  in  the 
delivery  of  a  CERN  component,  namely  the  MSCB 
magnet  that  is  needed  to  complete  all  MQ  cold  masses, 
has  impeded  the  ramp  of  the  production  as  foreseen, 
although  the  company  continued  to  advance  in  the  bare 
MQ  (i.e.  up  to  yoking)  productions.  However  the  problem 
has  now  been  solved,  and  production  is  foreseen  to  be 
completed  well  in  2005. 

Insertion  Magnets 

For  these  magnets  the  design  and  then  the  tendering 
was  finished  somehow  later  than  the  main  magnets.  In 
2000-2001  all  contract  were  placed  (Tesla  engineering, 
GB,  for  MQM  and  Accel,  D,  for  MQY)  with  a  strategy 
that  is  more  oriented  to  a  turn-key  product  of  the  bare 
magnet  (i.e.  until  yoke)  with  cables,  insulation,  shells  and 
few  other  components  supplied  by  CERN.  Then  the  bare 
magnets  will  be  completed  as  cold  masses  at  CERN  in  the 
factory  that  was  set  up  for  dipole  prototyping. 


For  the  MQM  the  first  two  magnet  prototypes  have 
been  delivered  by  Industry  (and  very  successfully  tested). 
The  manufacturer  has  finished  installing  all  necessary 
tooling  for  series  production  and  to  hire  and  train  almost 
all  the  staff.  As  soon  as  the  cable  production  becomes 
continuous,  the  company  can  increase  its  production  to 
the  rate  of  4  MQM/month,  that  will  allow  the  work  to 
finish  in  2005. 

The  situation  of  the  MQY  is  different.  Here  the  limited 
number  and  the  fact  that  they  are  built  in  the  same  factory 
as  the  MQ,  allow  some  synergy  and  movement  of 
personnel  among  the  projects  according  to  needs  and 
schedule  requirements.  The  first  prototype  is  expected  at 
CERN  by  Summer  2003  and  the  whole  production  to  be 
finished  by  Spring  2006. 

Corrector  Magnets 

Given  the  large  number  of  contracts,  the  production 
status  varies  very  much.  Some  contracts,  such  as  MCS, 
the  sextupole  spool  pieces  for  the  dipoles  run  very  well, 
while  others  like  the  decapole-dodecapole  spool  piece  was 
consistently  delayed,  although  the  need  of  this  magnet  on 
50%  of  the  dipoles  only  has  reduced  the  impact  on  dipole 
production. 

The  critical  one  for  the  main  magnets  is  the  MSCB  that 
is  slowing  down  the  production  of  MQ,  as  previously 
noted,  but  other  correctors  magnets,  such  as  the  tuning 
quadrupoles  MQT  are  near  to  enter  into  the  critical  path. 

However  now  all  companies  are  in  production  and 
strategies  to  catch  up  (or  to  avoid  further)  delays  are 
under  discussion. 

Production  Steering:  Magnetic  Field 

Magnetic  field  measurements  have  been  introduced  in 
all  companies.  Measurements  are  done  both  after  coil 
collaring  and  after  Cold  Mass  assembly,  at  room 
temperature  and  therefore  reduced  current,  or  as  single 
modules  in  case  of  correctors.  For  corrector  magnets, 
measurements  are  required  at  4.2  K  in  the  companies. 

Through  these  measurements  done  on  collared  coils, 
and  thanks  to  the  fact  that  there  is  a  very  good  correlation 
between  warm  and  cold  measurements,  we  can  keep 
under  controls  the  harmonics.  Today  for  the  dipoles,  the 
delay  between  winding  and  collared  measurements  is  less 
than  2  months,  while  the  elapsed  time  from  winding  to 
cold  test  results  at  CERN  is  typically  8-10  months.  Just 
recently  two  further  corrective  actions  for  MBs  have  been 
decided:  i)  A  change  in  magnetic  length,  making  it  shorter 
in  one  company  and  longer  in  the  other  two,  to 
compensate  a  difference  in  field  strength  ii)  An  increase 
of  the  mid-plane  gap  of  about  100  microns,  to  lower  the 
main  harmonics  (bs,  bj  and  b,)  by  suitable  amounts. 

It  is  worth  emphasising  that  magnetic  measurements  are 
a  mean  to  intercept  minor  or  serious  assembly  errors,  as 
already  happened  two  times  [9]. 
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PRE-SERIES  DIPOLE  RESULTS  AND 
DELIVERY 

Quench  results  are  very  encouraging.  The  dipole 
magnets,  that  were  plagued  for  long  time  in  the  R&D 
phase  by  long  training,  are  now  well  qualified  for  nominal 
operation  and  very  few  have  difficulties  reaching  the 
ultimate  field  (9  T).  Especially  the  memory  (second 
thermal  cycle)  is  excellent  as  shown  by  the  graph  of  Fig. 
3.  The  weak  point  of  the  cold  test  is  the  electrical 
robustness:  so  far  we  had  approximately  10%  of  the  pre¬ 
series  magnets  that  had  electrical  non-conformities  of 
various  types,  although  only  two  fatal.  Still  this  is 
certainly  a  point  that  calls  for  improvement  of  the 
cleaning  and  better  QA  in  the  manufacturers  premises, 
since  the  test  procedure  foreseen  by  the  QA  plan  is 
already  as  severe  as  possible. 


Fig.  3  Number  of  quench  for  each  of  the  29  dipoles  tested 
so  far,  after  first  thermal  cycles  to  reach  ultimate  field  of  9 
T. 


As  for  delivery,  the  dipoles  provide  the  ‘clock’  to  the 
entire  project,  so  their  schedule  is  very  critical.  The  end  of 
all  three  contracts  is  foreseen  today  by  June  2006.  The 
actual  situation  is  depicted  in  Fig.  4,  where  both  the  pre¬ 
series  and  series  contracts  (the  sum  of  the  three 
manufacturers),  is  compared  with  actual  delivery.  To  day 
we  are  missing  some  60  cold  masses  to  be  perfectly  on 
time,  i.e.  approximately  2  months  when  the  foreseen 
maximum  rate  of  30-35  CM/months  will  be  attained,  in 
second  half  of  2004.  This  is  the  critical  point,  indeed:  if 
the  extrapolation  from  the  8  CM/month  we  have  got  in 
March-April  (a  rate  that  suffers  by  the  necessary 
intervention  on  the  welding  press)  to  a  number  which  is 
four  times  is  correct.  All  indications  coming  from  the 
companies  are  positive,  in  all  single  area  the  stated  rate 
has  been  actually  obtained,  although  not  contemporarily, 
except  in  the  area  of  welding  repair,  that  have  to  be  near 
zero.  In  Fig.  4  the  rate  of  collared  coils  (60%  of  the 
production  time  and  more  delicate  than  CM  assembly,  in 
principle),  that  shows  good  progress.  Even  better  is  pole 
production  that  recently  has  attained  the  very  comfortable 
rate  of  15  equivalent  dipoles.  Finally  very  encouraging  is 
the  production  of  cable  for  main  dipoles  and  quadrupoles, 
including  cabling,  whose  initial  delays  have  been  so  much 
spoken  about.  Actually  today  we  have  produced  already 
the  largest  quantity  of  Sc  cable  for  a  single  project  and 


have  delivered  one  octant  to  dipole  manufacturers. 
Thanks  to  the  effort  of  the  CERN  team  and  the 
commitments  of  the  companies,  we  have  today  at  CERN 
more  than  one  octant  as  strategic  stock. 


Dipole  cold  masses 


Fig.  4  Delivery  of  main  dipoles  (CM,  squares),  of 

Collared  coils  (CC,  diamond),  contract  profiles  and 

just-on-time  curves 
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The  LHC  magnet  R&D  Program  has  shown  that  the 
limit  of  NbTi  technology  at  1.8  K  was  in  the  range  10  to 
10.5  T.  Hence,  to  go  beyond  the  10-T  threshold,  it  is 
necessary  to  change  of  superconducting  material.  Given 
the  state  of  the  art  in  HTS,  the  only  serious  candidate  is 
NbsSn.  A  series  of  dipole  magnet  models  built  at  Twente 
University  and  LBNL  and  a  vigorous  program  underway 
at  FNAL  have  demonstrated  the  feasibility  of  NbaSn 
magnet  technology.  The  next  step  is  to  bring  this 
technology  to  maturity,  which  requires  further  conductor 
and  conductor  insulation  development  and  a 
simplification  of  manufacturing  processes.  After 
outlining  a  roadmap  to  address  outstanding  issues,  we 
evoke  the  US  proposal  for  a  second  generation  of  LHC 
Insertion  Region  (IR)  magnets  and  the  Next  European 
Dipole  (NED)  Initiative  promoted  by  the  European 
Steering  Group  on  Accelerator  R&D  (ESGARD). 

WHY  DO  WE  NEED  HIGHER-FIELD 
ACCELERATOR  MAGNETS? 

The  Push  Towards  Higher  Fields 

For  a  given  tunnel  size,  the  energy  of  a  circular 
machine  is  limited  by  the  strength  of  bending  magnets. 
Moreover,  for  both  linear  and  circular  colliders,  the 
luminosity  is  determined  (mainly)  by  the  optics  of 
Interaction  Regions  (IR’s),  which  is  itself  limited  by  the 
strength  and  quality  of  IR  magnets.  Over  the  years,  there 
has  been  a  constant  push  from  the  High-Energy  Physics 
(HEP)  community  to  keep  developing  higher-field  and 
higher-field  gradient  accelerator  magnets. 

Brief  History 

The  push  towards  higher  fields  led  naturally  to  the  use 
of  superconductors.  Worthy  of  mention  is  the  pioneer 
work  carried  out  by  W.B.  Sampson  at  Brookhaven 
National  Laboratory  (BNL)  in  the  mid  1960’s,  illustrated 
in  Figure  1  by  a  76-mm-aperture,  85-T/m  quadrupole 
magnet  model  wound  from  Nb3Sn  ribbons  and  cold 
tested  in  January  1966  [1].  (Note  that  the  aperture  and 
field  gradient  of  this  model  are  similar  to  those  of  the 
HERA  quadrupole  magnets  developed  15  years  later  [2].) 

The  first  successful  use  of  superconducting  magnets  in 
a  machine  took  place  at  the  Tevatron,  at  Fermi  National 
Accelerator  Laboratory  (FNAL)  [3].  The  Tevatron, 
which  relies  on  774  6.1-m-long,  76.2-mm-aperture,  4-T 
arc  dipole  magnets,  was  commissioned  in  1983  and  has 
been  running  very  reliably  since  then.  It  was 
instrumental  in  demonstrating  the  feasibility  and 
reliability  of  superconducting  magnet  systems  and  has 
paved  the  way  to  their  commercial  applications  (such  as 
Magnetic  Resonance  Imaging  or  MRI  systems). 

* 
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Figure  1:  76-mm-aperture,  85-T/m  quadrupole  model  wound 
from  NbsSn  ribbons  by  W.B.  Sampson  at  BNL  in  1965  [1]. 


Since  the  time  of  the  Tevatron,  significant  progress  has 
been  made  in  the  design  and  production  of 
superconductors  and  accelerator  magnets,  leading  to  a 
gain  of  a  factor  ~2  in  dipole  field.  The  ongoing 
superconducting  magnet  productions  for  the  Large 
Hadron  Collider  (LHC)  at  CERN,  which,  among  others, 
call  for  1232  14.2-m-long,  56-mm-twin-aperture,  8.33-T 
arc  dipole  magnets,  is  the  culmination  of  20  years  of 
superconducting  accelerator  magnet  development  around 
the  world  [4].  The  idea  of  building  the  LHC  first 
emerged  in  1982  [5],  and  the  machine  is  expected  to  be 
turned  on  in  the  Spring  of 2007,  a  mere  25  years  later. 

What’s  next? 

In  addition  to  arc  dipole  and  quadrupole  magnets,  LHC 
also  requires  a  number  of  superconducting  IR  magnets, 
including  triplets  of  final-focusing  quadrupole  magnets, 
which  are  presently  being  built  at  FNAL  and  KEK  [6]. 
Due  to  the  high  radiation  doses  to  which  they  will  be 
subjected,  the  life  expectancy  of  these  magnets  is 
estimated  around  7  years.  Hence,  it  is  likely  that  they 
will  have  to  be  replaced  in  2015,  thereby  offering  the 
opportunity  of  upgrading  LHC  IR  optics  to  improve 
luminosity. 

Several  scenarios  of  LHC  IR  upgrades  are  already 
being  considered  [7],  [8].  The  most  conservative  ones 
keep  the  present  optics  layout  but  rely  on  stronger  final- 
focusing  quadrupole  magnets.  The  most  innovative  ones 
call  for  a  different  optics  layout,  where  the  beam- 
separation  dipole  magnets  are  located  in  fi-ont  of  the 
final-focusing  quadrupole  magnets  to  reduce  long-range, 
beam-beam  interactions,  as  illustrated  in  Figure  2.  In  any 
case,  these  various  scenarios  require  the  development  of 
large-aperture,  high-field  or  high-field-gradient  magnets. 

Mid  2010’s  is  also  the  earliest  time  frame  when  one 
can  expect  to  need  final-focusing  quadrupole  magnets  for 
any  of  the  proposed  linear  collider  projects.  In  the  case 
of  linear  colliders,  the  magnet  requirements  are  very  IR- 
design  dependent. 
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Figure  2:  LHC-IR  upgrade  scenario  where  the  beam-separation 
dipoles  (Dl  and  D2)  are  located  in  front  of  the  inner-triplet  of 
final-focusing  quadrupoles  (Ql,  Q2  and  Q3)  [7], 


Figure  3:  Layout  of  TESLA  P'  IR  where  the  final-focusing 
quadrupoles  (Q3  &  Q4)  are  located  inside  the  detector  solenoid 
(whose  winding  sections  are  labelled  MO,  Ml  &  M2)  [9]. 


For  the  first  IR  of  the  Tera  Electron  volts 
Superconducting  Linear  Accelerator  (TESLA),  the  layout 
proposed  in  the  Technical  Design  Report  (TDR)  relies  on 
final-focusing  quadrupole  magnets  producing  250  T/m  in 
a  56-mm-single-aperture.  However,  these  magnets  are 
positioned  very  close  to  the  interaction  point  and  must 
operate  in  the  4-T  background  field  of  the  detector 
solenoid  (see  Figure  3)  [9].  For  the  Next  Linear  Collider 
(NLC),  or  the  second  IR  of  TESLA,  where  it  is  foreseen 
that  the  two  beams  cross  with  a  large  angle,  the  final- 
focusing  quadmpole  magnets  must  be  made  very 
compact  (/.e,  with  a  small  overall  outer  radius)  so  as  to 
clear  the  way  for  the  crossing  beam  [10]. 

Roadmap  for  High-Field  Magnet  R&D 

Given  the  prospects  outlined  above,  a  roadmap  for 
high-field  accelerator  magnet  development  appears  to  be 

•  To  get  ready  for  LHC  IR  upgrade  in  2015  (which 
calls  for  large-aperture,  high-performance  dipole 
or  quadrupole  magnets;  note  that  here  cost  is  not 
the  primary  issue), 

•  To  develop  final-focusing  quadrupole  magnets  for 
implementation  in  a  linear  collider  IR  in  the  mid- 
201 0’s  (which  calls  for  LHC-type  quadrupole 
magnets  in  a  solenoidal  background  field  or  for 
compact  quadrupole  magnets;  note  that  here  also 
cost  is  not  the  primary  issue), 

•  To  promote  generic  magnet  R&D  aimed  at  LHC 
energy  upgrade  or  a  VLHC  in  the  mid  2020’s 
(which  calls  for  high-performance,  low-cost 
dipole  and  quadrupole  magnets). 
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Figure  4:  Quench  performance  of  88-mm-aperture  (NbTi) 
MFRESCA  dipole  magnet  model  at  CEKN  [13]. 

WHY  IS  IT  SO  HARD? 

Twelve  years  may  seem  like  a  long  time  to  develop  a 
new  dipole  or  quadrupole  magnet  design  for  LHC  or 
linear  collider  IR  applications.  The  issue,  however,  is 
that  we  cannot  extrapolate  existing  designs  and  that  we 
need  to  change  of  superconductor  technology. 

State  of  the  Art  in  NbTi 

Since  the  time  of  the  Tevatron,  the  most  widely  used 
superconductor  is  a  ductile  alloy  of  niobium-titanium 
(NbTi)  easy  to  co-process  with  copper  by  conventional 
extrusion  and  drawing  techniques  [11],  The  world 
production  of  NbTi  is  estimated  around  1500  metric  tons 
per  year,  mainly  under  the  form  of  multifilamentary 
composite  wires  for  use  in  MRI  magnets. 

After  several  iterations,  the  CERN/LHC  dipole  magnet 
R&D  program  was  successful  in  working  out  a  design 
suitable  for  industrial  production,  but  it  demonstrated 
also  that  the  limit  of  NbTi  magnets  (cooled  down  to 
superfluid  helium  at  1.8  K)  lied  in  the  10-to-10.5-T 
range.  This  is  illustrated  in  Figure  4,  which  shows  the 
quench  performance  of  the  88-mm-single-aperture 
MFRESCA  dipole  magnet,  designed  and  built  by  a  team 
led  by  D.  Leroy  and  presently  implemented  in  the 
superconducting  cable  test  facility  at  CERN  [12],  [13]. 
Hence,  to  go  beyond  the  present  limitations  and  cross  the 
10-T  threshold,  it  appears  necessary  to  change  of 
superconducting  material. 

Beyond  NbJi:  NbsSn 

High  Temperature  Superconductors  (HTS)  are  not  yet 
ready  for  large-scale  applications  requiring  high  current 
densities  under  high  magnetic  fields,  and  it  is  likely  that 
it  will  take  at  least  another  decade  before  they  become 
competitive.  The  limited  gain  that  can  be  expected  from 
ternary  NbTiTa  alloys  does  not  seem  worth  the 
investment.  The  present  upper  critical  field  of  MgB2 
wires  is  two  low.  NbaAl  exhibits  promising  properties, 
but  there  are  serious  manufacturing  issues  that  have  yet 
to  be  resolved.  It  follows  that  the  only  serious  candidate 
to  succeed  NbTi  is  the  inteimetallic  compound  NbsSn, 
whose  world  production  is  estimated  around  15  metric 
tons  per  year  (also  under  the  form  of  multifilamentary 
composite  wires)  [14]. 
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Figure  5:  Record-breaking  NbjSn  dipole  magnet  models;  (a) 
50-aperture,  cos0-type  MSUT  at  Twente  University  (left)  [19] 
and  (b)  25-mm-gap,  racetrack-type  RD-3  at  LBNL  (right)  [21]. 

NbsSn  has  a  critical  temperature,  Tc,  and  an  upper 
critical  field,  Bci,  that  are  about  twice  those  of  NbTi. 
However,  once  formed,  it  becomes  brittle  and  its  critical 
parameters  {Tq,  Bci,  and  the  critical  current  density,  Jq) 
are  strain  sensitive  [15],  The  brittleness  and  strain- 
sensitivity  of  NbsSn  require  a  different  approach  to  all 
manufacturing  processes  and,  so  far,  have  limited  its  use 
to  specific  applications  (such  as  insert  coils  for  high-field 
Nuclear  Magnetic  Resonance  or  NMR  spectrometers). 


Progress  on  NbsSn  Technology 

In  spite  of  the  aforementioned  difficulties,  significant 
progress  has  been  made  over  the  last  decade  thanks  to 

•  The  successful  manufacturing  and  tests  of  the 
model  coils  for  the  International  Thermonuclear 
Experimental  Reactor  (ITER)  project,  which, 
among  other,  have  required  the  production  of  ~30 
metric  tons  of  NbjSn  wires  [16],  [17], 

•  A  US  National  Program  for  the  development  of 
high-performance  Nb3Sn  wires,  supervised  by 
R.M.  Scanlan  at  Lawrence  Berkeley  National 
Laboratory  (LBNL),  which  has  led  already  to  a 
three-to-four-fold  increase  in  Jq  with  respect  to 
ITER  model  coil  specifications  [18], 

•  A  series  of  record-breaking  dipole  magnet  models, 
opening  the  lO-to-15  T  range,  including  the  50- 
mm-aperture,  cos0-type,  MSUT  model,  built  at 
Twente  University  and  cold  tested  at  CERN  in 
1995,  which  reached  11  T  on  its  first  quench  at 
4.4  K  (Fig.  5(a))  [19],  the  50-mm-aperture, 
cos^type,  D20  model,  built  and  cold  tested  at 
LBNL,  which,  after  some  training,  reached  13.5  T 
at  1.8  K  in  1997  [20],  and  the  25-mm-gap, 
racetrack-type,  RD-3  model,  also  built  and  cold 
tested  at  LBNL,  which,  after  some  training 
reached  14.7  T  at  4.2  K  in  2001  (Fig.  5(b))  [21], 

This  progress  shows  that,  although  the  NbaSn 
technology  is  not  yet  mature,  it  could  be  at  hand  for  the 
high-field  and  high-field-gradient  accelerator  magnets 
needed  for  LHC  IR  upgrade  and  for  the  IR’s  of  future 
linear  colliders.  However,  it  is  clear  also  that  we  need  to 
keep  working  hard  if  we  want  to  turn  these  few  suc¬ 
cessful  demonstrators  into  accelerator-class  devices  that 
can  be  implemented  in  a  machine  within  10  to  15  years. 


Figure  6:  Lorentz  force  distribution  in  a  quadrant  of  a  cosS 
dipole  magnet  coil  assembly  (Courtesy  R.  Gupta). 

WHAT  DO  WE  HAVE  TO  DO? 

Task  List 

Given  the  present  state  of  the  art  on  accelerator  magnet 
technology  and  the  requirements  foreseen  for  LHC  IR 
upgrade  and  for  IR’s  of  future  linear  colliders,  we  need 

•  To  revisit  magnetic  and  mechanical  designs  to 
achieve  enhanced  performances  with  magnet  coils 
made  from  brittle  materials, 

•  To  address  coil  cooling  issues  under  high  beam 
losses, 

•  To  keep  promoting  high-performance  NbjSn  wire 
development  (and  to  ensure  the  survival  of 
multiple  suppliers  around  the  world), 

•  To  improve  robustness  and  assess  radiation 
hardness  of  NbsSn  conductor  insulation  (see,  for 
instance,  the  innovative  insulation  scheme 
developed  by  Composite  Technology 
Development,  Inc.,  or  CEA/Saclay  [22]), 

•  To  put  into  practice  all  of  the  above  in  magnet 
models  and  prototypes. 

Of  course,  a  number  of  laboratories  around  the  world 
are  already  actively  tackling  these  issues,  including  BNL, 
FNAL  and  LBNL  in  the  USA,  and  CEA/Saclay  and 
Twente  University  in  Europe.  A  detailed  review  of  the 
ongoing  programs  can  be  found  elsewhere  [23].  Given 
the  limited  space  at  our  disposal,  let  us  single  out  the 
problem  of  magnetic  design. 

Revisiting  Magnetic  Design 

Most  superconducting  accelerator  magnets  rely  on  so- 
called  saddle-shape  coils,  which,  in  their  long  straight 
STCtions  approximate  cos0  or  cos20  conductor 
distributions.  Such  designs  were  first  optimized  at  BNL 
in  the  mid  1960’s  using  R.A.  Beth’s  complex  formalism 
[24].  They  are  very  efficient  in  terms  of  superconductor 
use  and  to  control  field  quality,  but,  as  illustrated  in 
Figure  6,  they  result  in  a  transverse  stress  accumulation 
towards  the  coil  assembly  midplane  that  could  become 
detrimental  when  dealing  with  brittle  conductors. 
Nevertheless,  and  in  spite  of  the  very  high  Lorentz  forces 
developed  in  the  MSUT  and  D20  models  (which  were 
both  of  cos  0 -type),  the  performance  of  these  magnets  did 
not  appear  to  be  limited  by  stress-induced  degradation. 
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Figure  7:  Original  design  of  dual-bore  dipole  magnet  relying  on 
Racetrack-type  coils  first  proposed  by  GK.  Danby  (BNL)  in 
1983  [25]. 

The  good  results  of  the  MSUT  and  D20  models 
indicate  that  we  have  not  yet  reached  a  hard  limit  on  the 
mechanical  point  of  view.  This  implies  that,  for  LHC  IR 
upgrade  and  for  the  first  IR  of  TESLA,  we  can  still  safely 
rely  on  ‘’conventional”  cos0  or  cos20designs. 

However,  in  the  longer  run,  and  given  the  very  open 
time-scale  for  a  LHC  energy  upgrade  or  a  VLHC,  it  is,  of 
course,  worthwhile  to  investigate  other  designs.  Among 
possible  candidates,  let  us  mention  the  racetrack-type  coil 
design,  illustrated  in  Figure  7,  which  was  first  proposed 
by  G  Danby  at  BNL  in  1983  [25]  and  was  subsequently 
resuscitated  by  R.  Gupta  in  1996  [26].  This  design  has 
become  the  workhorse  of  the  LBNL  high-field  magnet 
program  and  was  used  for  the  RD-3  model. 

As  a  curiosity,  let  us  also  mention  the  double-helix  coil 
design,  illustrated  in  Figure  8  [27],  which  was 
investigated  in  the  early  1970’s  and  which  is  also  being 
brought  back  into  actuality  by  several  authors. 

HOW  TO  GET  ORGANIZED? 

At  present,  most  of  the  worldwide  resources  are  (for 
good  reasons)  used  up  by  LHC  and  very  little  is  left  for 
accelerator  magnet  R&D.  Given  the  little  resources  that 
are  available 

•  We  cannot  afford  to  do  everything  at  once,  and  we 
need  to  target  our  activities  towards  a  limited 
number  of  clearly  identified  goals, 

•  We  should  avoid  unnecessary  work  duplication 
and  try  to  coordinate  efforts  among  interested 
partners. 

Some  attempts  at  developing  integrated  programs  are 
presently  being  made  both  in  the  USA  and  in  the  EU. 

USLARP 

BNL,  FNAL  and  LBNL  are  presently  collaborating  to 
the  US-LHC  Accelerator  Project,  which,  among  others, 
include  the  in-kind  contribution  of  a  number  of 
superconducting  (NbTi)  LHC  IR  magnets.  In  parallel,  all 
3  laboratories  are  also  pursuing  independent  high-field 
magnet  programs  that  are  well  described  in  the  literature. 


Figure  8:  Dipole  magnet  model  based  on  a  double  helix  coil 
under  manufacturing  at  CEA/Saclay  in  1974  [27]. 


The  US-LHC  Accelerator  Project  team,  led  by  J.  Strait, 
FNAL,  is  now  proposing  to  extend  the  present 
collaboration  beyond  LHC  construction  and  is 
developing  a  US-LHC  Accelerator  Research  Program 
(LARP)  aimed  at  LHC  IR  upgrade.  The  Program  scope 
and  details  are  still  under  discussion.  It  will  include 
NbsSn  magnet  R&D  work  on  both  dipole  and  quadrupole 
magnets,  but  will  focus  mainly  on  large-aperture  (up  to 
110  mm),  high-field-gradient  (>  200  T/m)  quadrupole 
magnets  [28]. 

EU  CARE/NED  Proposal 

In  October  2002,  the  European  Committee  for  Future 
Accelerators  (ECFA)  has  set  up  the  European  Steering 
Group  for  Accelerator  R&D  (ESGARD),  chaired  by 
R.  Aleksan,  CEA/Saclay,  with  the  mandate  of  preparing  a 
coherent  set  of  bids  to  apply  for  EU  funding  [29].  The 
first  outcome  of  ESGARD  is  the  Coordinated  Accelerator 
Research  in  Europe  (CARE)  proposal  of  Integrated 
Activities  (lA),  which  was  submitted  to  the  EU  on  April 
15, 2003. 

The  CARE  proposal  is  a  first  attempt  at  integrating  all 
HEP-related  accelerator  R&D  in  Europe  and  is  supported 
by  more  than  100  institutes.  It  includes  3  Network 
Activities  (linear  colliders,  neutrino  beams  and  hadrom 
colliders)  and  6  Joint  Research  Activies  (JRA’s),  to 
develop  specific  hardware  pieces  or  systems.  One  of  the 
JRA’s,  nicknamed  NED  (for  Next  European  Dipole) 
focuses  on  high  field  ihagnets. 

The  main  objective  of  the  NED  JRA  is  to  develop  a 
large-aperture  (up  to  88  mm),  high-field  (up  to  15  T) 
dijjole  magnet  model,  relying  on  high  performance 
Nb3Sn  conductors  (non-Cu  Jc  up  to  1500  A/mm^  at  4.2  K 
and  15  T).  Such  magnet  is  aimed  at  demonstrating  the 
feasibility  of  the  LHC  IR  upgrade  scenario  illustrated  in 
Figure  2  where  the  beam-separation  dipole  magnets  are 
located  in  front  of  the  final-focusing  quadrupole  magnets, 
and  it  complements  the  US  LARP.  In  addition,  the  NED 
magnet  could  be  used  to  replace  the  MFRESCA  magnet 
and  upgrade  the  CERN  cable  test  facility. 
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The  NED  JRA  involves  7  collaborators  (CEA/Saclay, 
CERN,  INFN  Milan  and  Genoa,  RAL,  Twente  University 
and  Wroclaw  University)  plus  several  industrial  partners. 
The  EU  decision  is  expected  before  the  end  of  the  year. 
If  approved,  the  program  will  start  on  January  U‘,  2004, 
and  the  magnet  should  be  cold  tested  in  the  Fall  of  2008. 

CONCLUSION 

The  US  LARP  and  the  EU  NED  proposal  offer  unique 
opportunities  to  develop  the  next  generation  of  high-field 
magnets  that  will  be  needed  for  LHC-IR  upgrade  and  for 
the  IR’s  of  future  linear  colliders. 

Beyond  HEP  applications,  such  programs  will  help 
superconducting  wire  manufacturers  to  keep  improving 
the  performance  and  quality  of  their  commercial  NbsSn 
products  (such  as  high-field  NMR  wires). 

Furthermore,  lessons  learned  from  NbaSn  should  also 
help  future  HTS  applications. 

Let  us  hope  that  these  two  programs  will  be  funded  at  a 
suitable  level  and  that  the  accelerator  magnet  community 
will  be  given  the  means  of  maintaining  its  level  of 
Excellency  and  of  preparing  its  future. . . 
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Abstract 

Considerable  advances  have  recently  been  obtained  in 
the  critical  current  densities  L  of  NbsSn  based 
superconductors  -  the  prime  candidates  for  the  next 
generation  of  superconducting  accelerator  magnets.  The 
non-Cu  critical  current  densities  now  approach 
3000  A/mm^  at  12  T  and  4.2  K  in  engineering  quality 
strand.  The  design  of  new  strands  minimizes  the  amount 
of  Cu  in  the  package  from  which  the  NbsSn  is  formed  and 
increases  the  Sn  level  beyond  that  required  to  simply 
achieve  A15  stoichiometry.  The  result  is  an  A15  layer  that 
is  significantly  more  uniform  than  earlier  generations  of 
wire,  both  chemically  and  microstructurally,  and  wires 
that  significantly  surpasses  previous  NbsSn  strands  in 
layer  critical  current  density  and  in  the  specific  grain 
boundary  pinning  force.  Remarkably,  these  developments 
have  been  achieved  in  internal  Sn  based  strands 
manufactured  using  both  the  modified  jelly-roll  technique 
with  Nb-Ti  alloy  and  the  rod-in-tube  approach  with  Nb-Ta 
alloy.  The  rod-in-tube  approach  is  particularly  exciting 
because  it  offers  greater  manufacturing  flexibility. 
Advances  have  also  been  made  in  strand  designs  that  offer 
the  potential  to  reduce  the  large  effective  filament 
diameters,  which  are  an  issue  with  these  new  high-J^ 
strands.  We  review  the  latest  developments  in  NbsSn 
superconductors  and  compare  their  performance  and 
potential  with  other  round-wire  high-field 
superconductors. 

INTRODUCTION 

The  LHC  marks  the  end  of  a  series  of  colliders  that  have 
capitalized  on  increasing  current  densities  available  in 
Nb-Ti  alloy  based  superconducting  strand.  Nb-Ti  has 
proven  to  be  a  remarkably  durable  superconductor, 
dominating  superconducting  magnet  design  from  the 
FNAL  Tevatron  (on-line  in  1983)  to  the  LHC  (expected 
completion  2006).  Multifilamentary  superconducting 
strands  based  on  Nb-Ti  alloys  are  strong,  ductile,  and 
relatively  inexpensive  but  are  limited  in  operation  to 
fields  below  ~1 1  T  (2  K).  In  Figure  1  we  compare  the 
critical  current  density  variation  with  applied  magnetic 
field  for  superconductors  of  interest  to  accelerator  magnet 
designers.  With  the  exception  of  the  Bi2223  tapes  and  the 
MgBj-SiC  [1]  data,  the  critical  current  densities  shown 
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are  available  in  multifilamentary  round-wire  form  suitable 
for  magnet  fabrication.  Development  of  superconductors 
for  accelerator  magnets  with  fields  greater  than  1 1  T  has 
focused  on  NbsSn.  Being  brittle,  the  A15  structure  of 
Nb3Sn  must  be  made  from  ductile  components  that  can  be 
drawn  to  wire,  meaning  that,  unlike  Nb-Ti,  the  materials 
package  needed  to  make  the  superconductor  contains 
more  than  just  the  A15  filament.  Raising  the  L  of  NbaSn 
is  then  both  a  question  of  maximizing  the  quantity  of  A15 
within  this  package  and  of  optimizing  the  A15  properties. 
The  latest  generation  of  NbsSn  strands  can  support  non¬ 
stabilizer  critical  current  densities  in  excess  of  1000 
A/mm^  at  fields  up  to  17  T  at  4.2  K.  Bi-2212,  also  a  brittle 
material,  can  support  -1000  A/mm^  out  beyond  28  T. 
However,  whereas  NbsSn  conductors  can  be  made  with 
small  Cu-stabilizer  cross-sections,  at  present  the 
engineering  critical  current  density,  of  Bi-2212 


Ai^Iied  Field,  T 

Figure  1:  A  comparison  of  critical  current  density  with 
applied  magnetic  field  for  superconductors  of  actual  or 
potential  interest  for  accelerator  magnets. 
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outer  circle 


Figure  2:  Cu-split  sub-element  high  strand  produced  by 
IGC-AS  (now  Outokumpu  Advanced  Superconductors). 


Figure  3:  Hot  Extruded  Rod  billet  cross-section  Image 
courtesy  of  Jeff  Parrell,  OI-ST. 


conductors  is  still  much  reduced  by  the  large  Ag  area  in 
the  strand.  The  latest  generation  of  strand  from  OI-ST 
achieves  of  600  A/mm^  at  12  T,  4.2  K  with  a  28  %  Bi- 
2212  area  [2].  NbsAl  offers  a  high  strength  alternative  but 
is  much  more  expensive  to  manufacture  than  NbsSn, 
which  has  not,  so  far,  shown  strength  limitation  in  well 
designed  high  field  accelerator  magnets.  MgB2  has  future 
long  term  potential  for  low  cost  and  exhibits  critical 
current  densities  that,  although  presently  lagging  behind 
NbsSn,  continue  to  show  progress  [e.g.  1].  A  remarkable 
development  in  the  past  year  has  been  the  enhancement  of 
the  upper  critical  field  by  manipulation  of  the  resistivity, 
with  the  upper  critical  field,  J7c2,  vs.  temperature  surface 
exceeding  NbaSn.  [3].  In  previous  reviews  we  have 
examined  the  potential  for  High  Temperature 
Superconductors  [4]  and  MgB2  [5]  to  high  energy  physics; 
in  this  paper  we  will  focus  on  developments  in  NbsSn. 

PROGRESS  IN  NB3SN 

Of  the  available  superconductors,  NbsSn  is  the  closest 
to  targets  set  for  the  next  generation  of  accelerator 
magnets  [6].  The  critical  current  density,  J^,  (non-Cu, 
12  T,  4.2  K)  is  very  close  to  the  3000  A/mm^  target, 
although  the  residual  resistance  ratio,  RRR,  is  very  low 
(2-13)  in  recent  billets,  due  to  diffusion  barrier  through- 
reaction  in  most  cases.  The  effective  filament  size  is  still 
2-3  times  the  40  pm  target,  except  for  strands  fabricated 
by  the  powder-in-tube  (PIT)  process.  Piece  length  is 
reasonable  good,  considering  the  (250-1500  m)  small 
billet  sizes  and  the  developmental  nature  of  the  strand  for 
which  two  billets  are  rarely  identical  in  design.  New,  more 
scaleable  designs  are  showing  promising  results,  for 
instance  the  Rod  Restack  Process  at  OI-ST  that  has 
achieved  2900  A/mm"  (12  T,  4.2  K).  There  has  been  little 


progress  in  reducing  heat  treatment  times  for  internal  Sn 
to  less  that  150  hrs  but  PIT  can  be  optimized  at  the  desired 
50  hr  reaction.  PIT  wire  costs  are  still  limited  by  the  small 
production  scale  and  technical  difficulties  in  scale-up. 

NbaSn  has  a  big  advantage  over  competing 
superconductors  with  respect  to  large-scale  strand,  cable 
and  magnet  production  experience,  such  as  record-setting 


Figure  4:  Single-stack,  Internal  Tin  conductor  “MBIT” 
manufactured  by  Supergenics  LLC/Outokumpu  Advanced 
Superconductors  under  a  DOE-SBIR  program.  The  single 
central  Sn  core  reduces  Sn  distortion.  It  incorporates  Nb- 
Ta  fins  to  reduce  the  effective  filament  diameter.  Image 
courtesy  of  Bruce  Zeitlin  of  Supergenics,  LLC. 
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dipole  magnets  at  LBNL,  the  huge  (150  ton,  13  T)  ITER 
Central  Solenoid  Model  Coil  (ITER-CSMC)[7],  It  is  also 
available  from  multiple  vendors  worldwide.  Although  the 
brittleness  of  NbaSn  dictates  that  it  be  used  in  the  wind- 
and-react  configuration  for  small-radius  magnets,  it  can 
also  be  used  in  the  react-and-wind  approach  for  larger 
magnets  [8]. 

Issues  with  Sn  elements  in  Conductors 

The  use  of  elemental  or  weakly  alloyed  Sn  has  been 
crucial  to  the  production  of  high  critical  current  densities 
in  internal  Sn  and  even  PIT  strands.  Higher  Sn  content 
pushes  the  Sn:Nb  ratio  in  the  A 1 5,  never  always  NbsSn 
composition,  closer  to  the  stoichiometric  ratio  of  highest 
Hc2  and  Tc  [9].  Sn  however  is  soft  and  not  only  becomes 
distorted  itself  during  final  wire  drawing  but  also  distorts 
the  surrounding  filament  pack  (see  Figure  1),  limiting  the 
amoimt  of  post-billet-assembly  processing  that  can  be 
performed.  Furthermore,  in  order  to  achieve  useful  piece 
length,  the  filament  pack  must  be  metallurgically  bonded, 
which  normally  requires  warm  processing  incompatible 
with  the  low  melting  point  Sn  (232  °C).  One  way  around 
this  problem  is  to  assemble  and  warm-extrude  the  sub¬ 
element  with  Cu  in  the  place  of  the  Sn  and  then  drill  a 
hole  in  the  Cu  for  the  Sn  after  the  other  components  are 
bonded.  However,  the  smallest  gun-drill  diameter  in  a 
typical  full-length  0.9  m  billet  is  4.7  mm.  Taking  account 
of  the  Sn  distortion  after  assembly,  this  limits  the  number 
of  sub-elements  that  can  be  stacked  into  a  final  billet 
without  severe  piece  length  problems. 

One  method  to  circumvent  this  problem  being  explored 
by  OI-ST,  uses  salt  in  the  place  of  the  Sn,  allowing  hot 
extrusion  of  both  the  sub-element  and  final  composite 
assemblies  [10].  This  process,  termed  HER  for  Hot 
Extruded  Rod,  is  illustrated  by  the  billet  cross-section 
shown  in  Figure  3.  After  the  first  extrusion,  the  salt  cores 
can  be  washed  away  and  replaced  with  Sn  at  a  late  stage 
in  the  processing.  With  hot  extrusion  permitted  for  both 
sub-element  and  final  composite  assemblies,  this  process 
has  excellent  scalability. 

The  lack  of  Sn  distortion  in  the  center  of  the  composite 
in  Figure  2  suggests  another  alternative.  The  Mono 
Element  Internal  Tin  conductor  “MEIT”  [11],  uses  a 
single  central  Sn  core  with  a  concentric  extrusion-bonded 


Figure  5:  Comparison  of  Sub-element  cross-sections  in  a) 
a  high-Cu  low  hysteresis  loss  ITER-CSMC  MJR  strand 
fabricated  by  TWC,  and  b)  a  low-Cu,  high  J,^  MJR  strand 
fabricated  by  OI-ST. 
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Figure  6:  Comparison  of  the  layer  critical  current 
densities  for  ITER-CSMC  (low  hysteresis  loss)  and  recent 
“high  J”  NbsSn  composites.  Note  how  different  the 
intrinsic  performance  of  the  NbsSn  is. 

Nb/Cu  filament  stack  (gun-drilling  of  the  solid  Cu  core  is 
used  to  introduce  the  Sn  after  extrusion).  Because  there  is 
now  only  one  sub-element,  the  strand  must  be  drawn  to 
fine  wire  (<  0.2  mm  diameter).  Although  such  a  fine  wire 
may  require  a  2-level  cable,  the  high  symmetry  means 
minimal  Sn  distortion  (see  Figure  4),  high  potential  for 
good  piece  length,  and  low  cost. 

Issues  with  Sub-Element  Size 

To  produce  high  overall  J^,  the  non-Cu  sub-element 
must  have  a  minimum  of  Cu  filler  and  a  high  Sn 
concentration.  This  can  enhance  the  A15  fraction  to  -0.5 
and  dramatically  enhances  the  layer  critical  ciurent 
density.  Figure  6  contrasts  the  high-Cu,  low  hysteresis 
loss  ITER-CSMC  strands  with  recent,  low-Cu,  “high-Jc“ 
designs.  Although  some  ITER-CSMC  strands  had  high 
Sn:Nb  ratios,  the  additional  Cu  required  to  isolate  the 
individual  filaments  for  low  hysteresis  loss  (see  Figure 
5a)  resulted  in  inferior  NbsSn-layer  quality,  even  though 
the  overall  NbsSn  composition  difference  between  the  2 
designs  was  only  -1  at.%  Sn  [12].  Unfortunately  the  low- 
Cu  requirement  for  highest  Jc  results  in  complete  physical 
bonding  of  the  individual  NbsSn  filaments  into  a 
continuous  ring  of  NbaSn  (see  Figure  5b).  Not  only  is  the 
effective  filament  diameter,  den,  increased  by  physical 
joining  of  the  filaments  but  the  core  of  the  sub-element  is 
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Figure  7:  Calculated  physical  filament  diameters  based  on 
simple  circular  geometries  for  a  typical  cable  strand  wire 
diameter  (0.8  mm)  and  for  a  Cu:Non-Cu  ratio  of  1.  The 
typical  R&D  high-Je  intemal-Sn  billets  have  18-37  sub¬ 
elements  in  their  restack,  limiting  them  to  sub-element 
diameters  >100  pm.  The  Nb-Ta  fins  of  Figure  4  can  avoid 
shielding  of  the  residual  sub-element  Sn-cores  (open 
circles)  by  dividing  the  sub-element  into  two  components, 
which  do  not  shield  their  core  (X).  This  plot  was 
suggested  by  one  made  by  R.  Scanlan  [13]. 


also  shielded,  making  the  entire  sub-element  cross-section 
behave  as  one  and  proportionately  increasing  the  loss. 

This  small  size  of  R&D  billets  and  the  problem  of  Sn 
distortion  limits  the  restack  numbers  of  sub-elements  so 
far  to  18-37.  By  using  simple  scaling  arguments,  we  can 
see  that  this  limits  the  sub-element  diameters  to  >100  pm 
(Figure  7),  well  above  that  desired  for  low  hysteresis  loss 
for  both  HEP  and  fusion  magnet  use. 

Supergenics  LLC  has  developed  a  sub-element  splitting 
technology  using  Nb-Ta  dividers  (patent  pending)  that 
should  “un-shield”  the  sub-element  core  by  subdividing 
the  sub-element  filament  pack.  In  Figure  7  we  model  the 
effect  of  “un-shielding”  the  core  with  one  Nb-Ta  divider, 
as  well  as  the  added  benefit  of  un-shielding  the  core  and 
splitting  the  A15  volume  with  two  dividers.  Figure  7 
shows  that  there  must  be  at  least  60  sub-elements  to 
approach  the  desired  40  pm  effective  filament  size  target. 
Although  504-filament  PIT  conductors  which  exceed  the 
40  pm  target  have  been  made,  this  goal  seems  much  more 
feasible  for  internal  Sn  than  experience  with  internal  Sn  is 
much  more  widespread  than  with  PIT. 


Figure  8:  A  false  color  atomic  number  sensitive  electron 
backscatter  image  of  a  sub-element  cross-section  near  a 
Nb-Ta  fin  after  reaction.  Composite  fabricated  by 
Outokumpu  Advanced  Superconductors/Supergenics  and 
heat  treated  by  E.  Barzi  at  FNAL. 

The  first  attempts  by  Supergenics  LLC/Outokumpu 
Advanced  Superconductors  under  a  DOE-SBIR  program 
at  using  such  Nb-Ta  dividers  has  been  successfirl  in 
producing  composites  of  18  and  36  sub-elements, 
although  significant  reaction  of  the  Nb-Ta  alloy  fin  with 
Sn  has  reduced  its  effectiveness.  In  Figure  8,  we  show  a 
false-color,  atomic-number-sensitive,  electron-backscatter 
image  near  a  Nb-Ta  fin  after  reaction.  The  inside 
filaments  (right,  yellow)  are  evidently  fully  reacted  while 
the  outer  filaments  (left)  furthest  away  from  the  original 
Sn  core  have  unreacted  Nb  cores  (blue).  Near  the  original 
Sn  core,  the  fin  is  full  reacted  by  Sn,  apparently  robbing 
the  outer  filaments  of  needed  Sn.  The  result  is  a 
significantly  reduced  of  the  composite.  The  “fin”, 
however,  has  been  successful  in  stopping  the  reaction  with 
the  outside  Nb  diffusion  barrier  (blue,  left),  so  that  a 
continuous  shielding  external  NbsSn  layer  is  not 
produced. 

Closer  examination  of  the  Nb-Ta  reaction  region  in 
Figure  9  reveals  a  complex  reaction  producing  changes  in 
composition  and  thickness  of  the  grain  boundaries  in  the 


Figure  9:  Atomic-number  sensitive,  electron-backscatter 
image  of  the  Nb-Ta  divider  in  Figure  8  in  the  fully  reacted 
region.  The  grain  boundaries  in  the  reacted  divider  and 
the  adjacent  NbsSn  are  clearly  of  variable  composition. 
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Figure  10:  Detail  of  Core/Filament  Pack  region  of  OAS 
0.4  mm  dia.  monocore  strand  after  150h/530°C  heat 
treatment  in  the  investigation  of  Suenaga  [15]  andUhlrich 
[14].  In  a)  an  atomic-number  sensitive  electron 
backscatter  image  and  b)  a  spectral  image  (energy 
dispersive  x-ray)  show  that  Ti  (white)  segregates  to  the 
inner  side  of  the  Nb  (blue)  filament  pack  (Cu  in  red,  Sn  in 
green). 

Ta(Nb)3Sn  and  the  Nb3Sn.  This  suggests  that  an 
alternative  barrier,  perhaps  Ta,  might  be  more  effective  in 
implementing  this  promising  concept  for  reduced  deff. 


An  extreme  case  of  non-uniform  Ti  distribution  can  be 
seen  in  Figure  1 1,  where  the  Ti  only  partially  penetrates 
the  Nb  filament  -  leading  in  this  case  to  2  distinct  A15 
layers.  New  methods  of  Ti  alloying  are  now  being 
investigated  under  the  DOE-SBIR  program. 

ACCELERATOR  CONDUCTOR  ISSUES 

Remarkable  progress  has  been  made  towards  a  new 
generation  of  conductors  that  meet  the  goals  of  the  high 
energy  physics  community.  As  the  preceding  sections 
indicate,  however,  there  is  still  plenty  to  do.  Among  the 
key  issues  that  still  need  to  be  resolved  are: 

1  How  low  can  the  effective  filament  size  for  “High 
J”  Nb3Sn  strand  be  reduced? 

2  Can  the  cost  of  PIT  strand  be  reduced  so  that  it 
competes  with  internal  Sn? 

3  Can  the  expected  cost  reduction  in  internal  Sn 
conductors  be  achieved  without  sacrificing 
properties? 

4  How  close  are  we  to  the  intrinsic  performance 
limits  for  Nb3Sn  strand 


Issues  with  Ji 

Alloying  the  Nb  with  Ti  (or  Ta)  is  required  to  raise  Hc2 
and  maximize  high  field  but  increases  the  cost  of  the 
Nb  alloy  and  can  reduce  piece  length.  Thus  incorporating 
Ti  into  the  Sn  core  has  been  investigated  too..  With  ever 
decreasing  Cu  content  in  the  filament  pack,  however,  this 
route  has  become  less  effective  because  Ti  reduces  the 
mobility  of  Sn  through  the  filament  pack  [15].  Energy 
dispersive  x-ray  analysis  has  indicated  that  the  Ti  forms  a 
Nb-Sn-Ti  ternary  phase  at  the  core/filament-pack 
interface.  The  segregation  of  the  Ti  can  be  clearly  seen  in 
the  EDS  spectral  image  in  Figure  10b. 


Figure  11:  High  resolution  field  emission  scanning 
electron  microscope  image  of  an  outer  filament  in  a  1st 
generation  OI-ST  HER  strand  where  the  Ti  has  only 
partially  penetrated  the  Nb  filament.  Fracture  of  the 
filaments  reveals  two  sizes  of  A15  grains.  The  Nb(Ti)3Sn 
grains  are  much  smaller  than  the  pure  Nb3Sn  grains. 
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Abstract 

Permanent  magnet  planar  undulators  are  used  at 
synchrotrons  worldwide  and  serve  as  versatile  radiation 
sources.  For  some  experiments,  however,  photon 
characteristics  other  than  what  is  achievable  with  planar 
devices  are  desired.  Undulators  can  be  tailored  to  adjust 
photon  characteristics,  such  as  brightness,  tuning  curves, 
polarization,  harmonic  content,  and  heat  load,  to  suit  them 
to  a  particular  experiment.  One  specialized  device  is  the 
electromagnetic  circularly  polarizing  undulator  at  the 
Advanced  Photon  Source  (APS).  At  a  few  facilities,  plans 
are  underway  to  build  superconducting  undulators  with 
short  period  lengths  to  provide  higher  energy  radiation. 
At  APS,  the  possibility  of  building  an  undulator  with  a 
variable  period  is  also  being  investigated.  Some  users, 
driven  by  a  desire  for  lower  on-axis  heat  load  or  for 
circular  polarization,  prefer  other  types  of  devices,  such  as 
Apple-style  undulators  or  figure-eight  devices. 
Characteristics  of  the  radiation  output  and  advantages  of 
these  various  types  of  devices  are  presented. 

INTRODUCTION 

The  designers  of  synchrotron  radiation  facility 
beamlines  have  choices  to  make  in  their  selection  of  an 
insertion  device  (ID)  for  the  beamline.  The  overall  length 
of  the  device  is  typically  a  predetermined  standard  length 
based  on  the  space  available,  and  the  minimum  gap  is 
determined  by  storage  ring  considerations  and  the  vacuum 
chamber  size  (or,  if  there  is  no  vacuum  chamber  in  the  ID 
gap,  by  the  effect  on  beam  lifetime  [1]),  but  the  period 
length  and  magnetic  configuration  (i.e.,  planar,  helical,  or 
other)  can  be  selected.  These  will  determine  the 
polarization  characteristics,  tuning  range,  and  power 
output. 

PLANAR  UNDULATORS 

A  sample  set  of  tuning  curves  intended  to  guide  a  user 
in  selecting  the  period  length  for  a  new  planar  device  is 
shown  in  Fig.  1.  The  user  expects  to  concentrate  on 
energies  near  the  Se  and  Br  edges,  but  does  not  want  to 
sacrifice  tunability.  For  each  of  the  period  lengths  shown, 
the  number  of  periods  has  been  changed  to  keep  the 
overall  device  length  constant  at  2.1  m.  As  can  be  seen, 
the  on-axis  brilliance  would  be  higher  for  the  shorter 
period  length  undulators,  but  if  the  period  length  gets  too 
short  there  will  be  a  gap  between  the  1st  and  3rd 
harmonics.  Extending  the  3'^’*  harmonic  to  lower  energy 
so  it  would  overlap  the  1  **  would  require  higher  magnetic 
field  strength  than  can  be  readily  achieved  by  a  planar 
undulator  at  the  10.5-mm  minimum  gap  allowed  by  the 
standard  APS  ID  vacuum  chamber. 

*Supported  by  the  US  D.O.E.,  BES-Materials  Sciences,  under  contract 
W-31-109-ENG-38. 

#  moog@aps.anl.gov 


energy,  showing  the  1st,  3rd,  and  5th  harmonics  for 
different  period  length  imdulators.  Number  of  periods  is 
adjusted  to  keep  the  overall  undulator  length  constant  at 
2.1  m.  A  shorter  period  length  gives  higher  brilliance  but 
may  result  in  a  gap  between  harmonics. 

Another  important  consideration  for  the  user  is  the 
power  output  of  the  ID  -  either  total  power,  power  density 
or  both.  Figure  2  shows  the  total  power  and  the  ratio  of 
the  brilliance  to  the  total  power  as  a  function  of  photon 
energy.  (The  trends  for  the  power  density  look  very 
similar.)  The  highest  power  comes  at  small  gap,  whether 
the  energy  to  be  selected  is  the  l",  3"*,  or  5*^  harmonic. 
There  are  differences  in  the  details  of  the  power  load 
between  the  different  period  lengths,  but  clearly  the 
biggest  difference  in  power  is  determined  by  whether  the 
desired  energy  can  be  reached  in  the  1st  harmonic  rather 
than  requiring  the  3rd  and  a  closed  gap. 

In-Vacuum  Undulator 

The  peak  magnetic  field  can  be  increased  by  decreasing 
the  gap.  To  overcome  the  limit  imposed  by  the  vacuum 
chamber,  the  entire  undulator  can  be  put  in  vacuum  [1-3]. 
Shorter  period  lengths  become  reasonable  because  the 
device  can  be  taken  to  magnetic  gaps  that  are  a  few  mm 
smaller  -  the  limit  comes  when  the  beam  lifetime  begins 
to  be  affected.  Additional  precautions  must  be  taken  to 
ensure  that  the  magnets  and  poles  are  vacuum-compatible 
and  bakeable.  The  magnetic  arrays  must  present  a  smooth 
conductive  face  to  the  beam  so  as  to  avoid  resistive-wall 
instabilities;  this  can  be  accomplished  with  a  Cu/Ni  foil 
laid  over  the  magnets.  The  Cu  conductive  face  is  toward 
the  beam,  and  the  Ni  is  attracted  to  the  magnets  and  holds 
the  foil  in  place.  The  magnets  will  be  closer  to  the  beam 
where  they  are  exposed  to  higher  radiation  levels,  so 
radiation-induced  demagnetization  is  a  greater  hazard  and 
due  consideration  should  be  given  to  the  choice  of  magnet 
material. 
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Figure  2:  Total  power  (top)  and  brilliance/power  (bottom) 
vs.  energy  for  the  same  undulators  as  in  Fig.  1.  There  are 
differences  in  the  power  levels  for  the  different  period 
lengths,  but  the  most  significant  minimization  in  power 
(and  maximizing  of  ratio)  is  when  the  desired  energy  can 
be  reached  in  the  first  harmonic  rather  than  the  third. 


Superconducting  Undulator 

Superconducting  imdulators  have  been  proposed  as  a 
means  of  going  beyond  the  field  strengths  that  are 
achievable  with  in-vacuum  undulators.  Although 
superconducting  wavelength  shifters  and  wigglers  have 
been  built  and  used  [3],  meeting  the  magnetic  field  quality 
requirements  of  imdulators  has  been  a  challenge. 
Recently,  a  test  section  of  imdulator  was  built  [4].  A 
similar  scheme  that  is  under  consideration  at  APS  is 
shown  in  Fig.  3.  An  Fe  mandrel  has  slots  cut  into  it  where 
the  superconducting  wire  is  wound.  The  Fe  material 
between  the  slots  acts  as  poles,  and  there  are  two 
mandrels,  one  above  and  one  below  the  beam  axis. 
Challenges  anticipated  in  making  such  a  device  work 
include  providing  sufficient  cooling  such  that  beam 
heating  effects  do  not  cause  quenching,  and  developing 
the  techniques  needed  to  measure  the  magnetic  field  and 
to  attain  the  necessary  field  quality. 


Figure  3;  Model  for  a  superconducting  undulator.  Slots 
for  the  superconductor  windings  are  cut  into  the  iron 
mandrels,  one  above  the  beam  and  the  other  below.  The 
remaining  part  of  the  mandrel  serves  as  pole  pieces.  Also 
shown  is  the  result  of  a  calculation  of  1B|. 

Variable-Period  Undulator 

A  variable-period  undulator  based  on  a  staggered  array 
undulator  [5]  has  been  proposed  [6].  As  with  a  staggered 
array,  a  solenoid  with  a  strong  axial  field  has  vanadium 
permendur  poles  inserted  in  the  bore,  as  shown  in  Fig.  4. 
The  poles  perturb  the  field  as  shown  in  Fig.  5,  resulting  in 
a  periodic  transverse  or  vertical  field  on  axis.  To  make 
the  period  vary,  the  poles  can  be  moved  in  position 
longitudinally.  Although  the  magnetic  field  on  axis  of 
such  a  device  is  weaker  than  for  a  permanent-magnet 
undulator  of  the  same  period  length  and  gap,  the 
tunability  range  can  still  be  quite  wide.  In  addition,  the 
period  chosen  to  reach  a  particular  energy  photon  can  be 
the  period  where  the  peak  in  the  tuning  curve  falls  at  that 
energy,  making  for  a  higher  brilliance,  as  shown  in  Fig.  6. 
A  further  advantage  of  this  type  of  device  is  that  the  high 
brilliance  does  not  come  with  the  penalty  of  a  high  power 
output.  Instead,  as  shown  in  the  lower  panel  of  Fig.  6,  the 
power  remains  low  compared  to  a  standard  planar 
undulator. 


Variable  Width 


Solenoid 

Figure  4:  Schematic  for  a  variable-period  undulator. 
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Figure  5:  Magnetic  flux  lines  show  the  effect  of  the  steel 
poles  on  the  solenoid  field.  A  spatially  oscillating 
undulator  field  results  on  axis. 
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Figure  6:  Brilliance  and  total  power  from  a  variable- 
period  undulator,  as  compared  to  a  standard  APS  planar 
Undulator  A.  The  brilliance  matches  or  exceeds  that  of 
Undulator  A,  while  the  power  load  is  much  lower. 


Wigglers 

Segments  of  the  trajectoiy  of  the  beam  through  the 
undulator,  taken  alone,  will  produce  circular  polarization— 
consider  the  lobe  of  the  trajectory  where  the  acceleration 
is  constant  in  direction.  If  viewed  fi'om  above  or  below 
the  plane  of  the  beam  wiggles,  that  trajectory  segment  is  a 
half  circle  and  will  produce  circularly  polarized  light  if  its 
radiation  can  be  separated  fi-om  the  radiation  from  the 
return  lobe  of  trajectory.  One  scheme  to  accomplish  this 
separation  is  the  asymmetric  wiggler  [7],  in  which  there  is 
a  strong  field  in  one  direction  over  a  short  distance 
followed  by  a  weaker  field  over  a  longer  distance.  (The 
field  integral  still  must  be  zero  to  avoid  perturbing  the 
beam  in  the  rest  of  the  storage  ring.)  Radiation  fi-om  the 
weaker  field  is  less  intense  and  at  a  different  energy  than 
that  from  the  strong  field,  so  the  net  effect  is  quasicircular 
polarized  radiation  with  one  handedness  above  the  wiggle 
plane  and  the  other  below. 

Another  scheme  is  an  elliptical  wiggler  [8],  where, 
instead  of  viewing  the  light  firom  an  off-axis  angle,  the 
beam  trajectory  is  tilted  up  for  one  lobe  and  down  for  the 
other.  This  is  accomplished  by  a  magnetic  field  with  a 
strong  oscillating  vertical  field  component  and  a  weak 
oscillating  horizontal  field  component  that  is  shifted  by  a 
quarter  period  with  respect  to  the  vertical  field.  The 
elliptical  trajectory  gives  circularly  polarized  light  on  axis 
and  bright  linearly  polarized  light  above  and  below  the 
axis.  If  the  weaker  horizontal  magnetic  field  is  provided 
by  an  electromagnet  with  a  switchable  power  supply,  the 
handedness  of  the  circular  polarization  can  be  switched. 


VARIABLE  POLARIZATION  DEVICES 

The  radiation  of  a  standard  planar  undulator  is  linearly 
polarized  in  the  wiggle  plane  (usually  horizontal).  Some 
experiments,  however,  need  circularly  or  elliptically 
polarized  light,  and  some  of  those  experiments  are  helped 
significantly  if  the  polarization  can  be  switched  rapidly 
between  left-  and  right-handed  circular  polarization. 


Figure  7 ;  Cross  section  of  an  all-electromagnetic  circular 
polarizing  undulator.  The  top  shows  a  cross  section 
through  horizontal-field  poles,  the  bottom  through  a 
vertical  field  pole.  The  vertical  poles  are  offset  from  the 
horizontal  ones  by  a  quarter  period  so  the  particle 
trajectory  can  be  circular  if  the  vertical  and  horizontal 
field  strengths  are  equal.  Depending  on  which  coils  are 
carrying  current  and  the  amount  of  current,  the 
polarization  can  be  circular,  vertically  linear,  horizontally 
linear,  or  elliptical. 
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Undulators  with  a  Variety  of  Polarizations 

Switchable  circular  polarization  can  also  be  obtained 
from  an  undulator,  and  these  undulators  can  be  very 
flexible  devices  that  allow  a  variety  of  different 
polarizations.  An  all-electromagnetic  device  in  use  at 
APS  [9]  is  shown  in  Fig.  7.  This  undulator  can  deliver 
either-handedness  of  circular  polarization  and  switch 
between  them  at  up  to  10  Hz.  If  only  the  vertical  (or 
horizontal)  field  coils  are  powered,  it  will  deliver 
horizontally  (or  vertically)  linearly  polarized  light. 
Elliptical  polarization  is  possible  if  both  the  vertical  and 
horizontal  fields  are  on,  but  delivering  different  field 
strengths. 

This  all-electromagnetic  circularly  polarizing  undulator 
has  a  relatively  long  period  of  12.8  cm  and  delivers  light 
in  the  0.5-  to  3-keV  range.  To  deliver  higher  energy  light, 
the  period  length  would  have  to  be  made  shorter.  A 
significantly  shorter  period  is  not  feasible  for  a 
conventional  electromagnetic  device,  however,  because 
there  would  be  no  room  for  the  coils.  Instead,  if  a  shorter 
period  length  is  desired,  a  permanent  magnet  “Apple- 
style”  undulator  can  be  used. 


Figure  8:  Apple-style  undulator.  Two  arrays  of  magnets 
above  the  beam  axis  and  two  arrays  below  the  beam 
create  the  imdulator  field.  They  can  be  shifted 
longitudinally  with  respect  to  one  another  in  order  to  vaiy 
the  polarization. 

An  Apple  undulator  [10],  shown  in  Fig.  8,  has  four 
separate  magnetic  arrays,  two  above  the  beam  and  two 
below.  In  addition  to  opening  and  closing  the  gap  to 
adjust  the  field  strength,  the  arrays  can  be  shifted 
lengthwise  with  respect  to  one  another.  Depending  on  the 
phase  between  the  arrays,  it  can  produce  either  vertical  or 
horizontal  linear  polarization,  either  left-  or  right-handed 
circular  polarization,  or  elliptical  polarization.  Switching 
between  the  different  polarizations  is  possible,  but 
involves  a  mechanical  motion  and  so  is  not  as  fast  as  for 
the  electromagnetic  devices. 


Angular  Power  Density  Distribution  of  a  hybrid  clrcularfeilipfical^lanar  undulator 
with  Jl,>30mm,  LB2.15m,gapi>9nun.  Electrons:  7  GeV,  100  mA 


Figure  9:  Angular  distribution  of  the  power  density  from 
an  Apple-style  undulator  in  different  polarization  modes. 
On-axis  power  density  is  lowest  with  circular 
polarization. 
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Figure  10:  Brightness  from  an  Apple-style  undulator  in 
various  polarization  modes.  The  brightness  in  the  circular 
mode  is  high  despite  the  reduced  power. 

Circular  polarization  that  results  from  a  helical 
trajectory  of  the  particle  beam  has  the  advantage  that  there 
are  no  higher  harmonics  of  the  radiation  on  axis.  This 
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reduces  the  problem  of  high-harmonic  contamination. 
Another  advantage  comes  in  the  spatial  distribution  of  the 
power.  Figure  9  shows  the  angular  distribution  of  the 
power  density  from  an  Apple  undulator  in  linear,  circular, 
and  elliptical  polarization  modes.  The  on-axis  power  is 
lowest  in  the  circular  mode,  and  the  power  continuing 
down  the  beamline  can  be  reduced  further  with  a  mask 
that  stops  the  ring  of  radiation  at  the  angle  l/y.  The  lower 
power  in  circular  polarization  mode  does  not  come  at  the 
cost  of  reduced  useful  brightness,  though,  as  can  be  seen 
in  Fig.  10.  In  circular  mode  the  brightness  is  even  higher 
than  in  the  linear  mode. 

There  are  challenges  involved  with  an  Apple-style 
undulator,  however.  While  the  magnetic  field  of  a  planar 
undulator  is  very  uniform  through  some  transverse 
distance,  the  Apple  magnetic  field  clearly  is  not.  This 
results  in  beam  focusing  effects  that  are  intrinsic  to  the 
device  and  that  vary  with  gap  and  phase.  Various 
schemes  have  been  developed  to  correct  the  devices,  but 
they  don’t  work  for  all  phases.  As  a  result,  much  of  the 
compensation  for  the  device’s  effect  on  the  beam  orbit 
and  tune  has  to  be  external  to  the  device. 

Figure-8  Undulators 

The  conventional  way  of  producing  lower-energy 
photons  for  a  user  is  to  increase  the  period  length  of  the 
planar  undulator.  Particularly  with  the  higher-energy,  6- 
to  8-GeV  storage  rings,  this  reaches  the  point  where  the 
power  levels  in  the  photon  beam  become  excessive. 
Figure-8  undulators  provide  an  alternative  [2].  The 
magnetic  array  shown  in  Fig.  1 1  has  an  array  of  magnets 
at  the  center  of  each  jaw  to  produce  a  vertical  field  with 
one  period.  Side  magnet  arrays  produce  a  horizontal 
magnetic  field  with  a  period  length  that  is  twice  as  long. 
Viewed  from  the  end,  the  particle  beam  trajectory  will  be 
a  figure  eight.  As  with  a  circular  polarizing  undulator,  the 
particle  trajectory  never  points  directly  down  the  nominal 
beam  axis,  so  neither  does  most  of  the  power.  Instead,  the 
distribution  of  the  power  resembles  a  <  sign,  as  shown  in 
Fig.  12.  A  mask  or  pinhole  can  block  the  intense  power 
and  allow  only  the  on-axis  radiation  through.  Although 
the  power  level  is  reduced  compared  to  a  conventional 
undulator,  the  flux  in  the  fundamental  harmonic  remains 
as  high  as  for  the  conventional  undulator.  The  figure-8 
undulator  also  produces  half-integer  harmonics  in  the 
radiation  spectrum  due  to  the  longer  period  side  magnet 
arrays.  The  linear  polarization  of  the  radiation  can  be 
vertical  or  horizontal,  depending  on  whether  it  is  an 
integer  or  half-integer  harmonic. 
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Figure  11:  Magnetie  structures  of  a  figure-8  undulator. 
The  side  arrays  produce  a  horizontal  magnetic  field  with  a 
period  twice  as  long  as  that  of  the  vertical  field. 


Figure  12:  Spatial  power  distribution  from  a  figure-8 

undulator.  The  pinhole  shown  will  block  most  of  the 

power  but  still  transmit  as  much  first-harmonic  flux  as  a 

conventional  undulator. 
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Abstract 

Proposed  high  radiation  environment  projects  like  the 
Rare  Isotope  (RIA)  and  the  Neutrino  Factory  (NF)  require 
magnetic  elements  that  are  radiation  resistant. 
Development  of  radiation  resistant  magnets  at  the 
National  Superconducting  Cyclotron  Lab  (NSCL)  has 
been  underway  for  several  years.  The  focus  has  been  on 
superconducting  devices,  as  resistive  solutions  have  been 
know  for  two  decades,  but  have  relatively  small  current 
densities.  Higher  current  density  options  than  can  be 
commercially  manufactured  have  been  examined.  Several 
solutions  for  superconducting  versions  use  radiation 
resistant  epoxies,  for  medimn  level  hardness,  and 
variations  on  Cable-in-Conduit-Conductor  (CICC)  for 
high-radiation  areas.  These  allow  engineering  current 
densities  of  more  than  100  A/mm^. 

INTRODUCTION 

Proposed  projects  like  RIA  [1]  and  the  NF  [2]  require 
strong  magnets  that  must  operate  in  high  radiation 
environments.  Because  failmes  result  in  significant  dowm 
time,  due  to  the  difficulties  of  working  in  a  radioactive 
area,  magnetic  elements  must  be  radiation  resistant  for  the 
lifetime  of  the  project.  It  is  possible  and  likely  that 
resistive  magnets  can  be  used  in  various  places,  but  there 
is  a  strong  desire  to  use  superconducting  coils  because  the 
engineering  current  density  can  be  up  to  ten  times  higher. 
This  is  particularly  important  for  quadrupoles  where  high 
gradients  and  large  apertures  are  required  for  acceptance 
of  secondary  particles. 

The  most  radiation-sensitive  part  of  a  magnet  is  the 
electrical  insulation.  Conductors  like  copper  and 
aluminum  are  many  orders  of  magnitude  more  radiation 
resistant  than  organic  insulators.  Even  the 
superconductors,  NbTi  and  NbsSn,  are  at  least  twenty-five 
times  more  resistant  than  the  common  organic  epoxies 
and  ten  times  better  than  organic  insulation  [3]. 
Attempting  to  invent  new  radiation  resistant  organic 
materials  is  very  expensive  and  very  likely  to  fail; 
therefore,  development  of  coils  using  present  materials  in 
new  ways  has  been  started. 

RESISTIVE  OPTIONS 

The  successful  solution  used  at  Los  Alamos  National 
Lab  and  the  Paul  Scherrer  Institute  for  radiation  resistant 
magnets  is  to  surround  standard  copper  conductor,  either 
hollow  or  solid,  with  magnesium  oxide  (MgO)  inside  a 
copper  sheath.  The  coils  are  then  potted  with  solder  [4]. 
Work  at  KEK  duplicates  this  except  the  potting  is  done 

♦Supported  in  part  under  NSF  grants  PHY-01 10253,  -0104619,  - 
9809799  and  DOE  grant  DE-FG0200ER41 144 
#zeller@nscl.msu.edu 


with  an  inorganic  matrix  [5]. 

Aluminum  conductor  that  has  an  insulating  anodized 
layer  has  been  used  since  the  1950’s  [6],  but  the  higher 
resistivity  of  almninum  and  the  brittleness  of  the  anodized 
layer  have  limited  its  usefulness.  A  potentially  more 
productive  approach  is  to  have  a  thin  aluminum  layer  on 
the  outside  of  a  hollow  copper  conductor  [7].  The  single 
attempt  at  this  met  with  limited  success  and  was  not 
attempted  on  a  commercial  scale.  A  manufacturer  was 
located  who  tried  unsuccessfully  to  co-extrude  aluminum 
around  the  hollow  copper  conductor.  Because  of  the 
thinness  of  the  anodized  layer  (-0.01  mm),  a  more 
compact  coil  using  hollow  aluminum  conductor  can  be 
fabricated.  Unfortunately,  for  the  same  temperature  rise  in 
the  cooling  water,  this  gains  about  10%  over  a  copper 
conductor  in  the  same  coil  cross  section. 

SUPERCONDUCTING  COILS 

Superconducting  coil  options  can  be  divided  up  into  two 
groups:  low  and  high  current  density.  High  cmrent  density 
superconducting  coils  use  some  type  of  epoxy  to  constrain 
the  conductor  fi-om  moving  due  to  the  Lorenz  Forces. 
Current  densities  in  the  coil  (engineering  current 
densities)  range  fi-om  60  A/mm^  to  well  over  500  A/mm^, 
depending  on  the  forces  and  the  magnetic  field.  Low 
current  density  options  are  cryostable  coils  or  those 
woimd  with  CICC.  The  low  current  density  solutions  use 
intimate  contact  between  the  conductor  and  liquid  helium 
for  stability.  It  has  the  big  advantage  in  that  large  amounts 
of  nuclear  heating  can  be  removed  without  affecting 
magnet  operation. 

High  current  density  options 

Presently,  a  commercial  company.  Composite 
Technology  Development,  Inc.  (CTD)  is  working  on  more 
radiation  resistant  epoxies.  They  have  developed  several 
systems  that  increase  the  radiation  resistance  by  factors  of 
two  or  three,  relative  to  standard  epoxies.  Polyimids,  like 
Kapton®  provide  excellent  radiation  resistance  and  would 
be  used  as  primary  wire  insulation.  Test  windings  with 
CTD-422  epoxy  system  are  imderway  to  determine 
whether  the  NSCL’s  standard  wet  winding  method  of  coll 
fabrication  is  possible.  This  would  lead  to  significant 
improvements  in  coil  lifetimes  in  areas  where  the 
expected  doses  are  —10  MGy  per  year. 

Lower  current  options 

It  should  be  pointed  out  that  lower  current  is  only  with 
respect  to  potted  superconducting  technology  and  that  it  is 
3-10  times  higher  than  resistive  technology  when  the 
magnets  have  to  exhibit  long-term  reliability.  The  absolute 
need  to  construct  magnets  that  require  no  maintenance  for 
10-20  years  tends  to  lead  to  lower  current  density 
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solutions.  Additionally,  quench  protection  issues  also  go 
in  the  direction  of  lower  current  densities.  Many 
cryostable  coils  have  been  constructed  with  GIO  as  the 
only  insulation.  Substituting  an  inorganic,  such  as  alumna 
(AI2O3),  should  provide  a  way  to  produce  a  radiation 
resistant  magnet  with  current  densities  of  40-60  A/mm^. 
Alumna  is,  however,  much  more  brittle  than  GIO  or  other 
composite  materials,  so  it  would  require  demonstration 
before  using  it  in  a  deployed  magnet.  One  possible 
problem  with  using  a  cryostable  magnet  in  a  high 
radiation  environment  is  the  coils  are  not  self-protecting 
in  case  of  a  quench.  They  need  some  external  energy 
absorption  system  with  an  active  quench  detection  circuit. 
Making  these  radiation  hard  may  be  difficult.  Figure  1 
shows  a  test  wind  of  an  inorganic  cryostable  coil.  Coil 
height  is  approximately  50  mm.  A  second  coil  that  will  be 
inserted  in  the  bore  of  a  solenoid  for  stability  testing  is 
presently  being  wound. 


Figure  1 :  All-inorganic,  cryostable  test  coil. 


CICC  Options 

CICC  has  advantages  over  cryostable  radiation  hard 
magnets: 

•  Higher  current  densities  are  possible. 

•  Higher  helium  mass  flow  is  possible  for  heat 
removal. 

•  Less  complicated  cryostats  are  required. 

•  Coil  winding  easier. 

Disadvantages  are  more  costly  conductor  and  the  very 
limited  bending  of  the  conductor  due  to  the  brittleness  of 
the  insulators. 

Anodized  CICC 

Aluminum  conduit  can  be  anodized  on  the  inside  to 
leave  the  outside  available  for  use  as  a  welding  surface,  so 
the  entire  coil  is  a  single,  self-supporting  structure  [8]. 
Because  of  the  difficulty  in  getting  good  conductor  fill- 
fractions,  a  test  loop  was  constructed  for  testing  at  the 
Plasma  Science  and  Fusion  Center  at  MIT,  shown  in 
figure  2.  The  conduit  is  first  bent  to  the  final  shape  and 


then  anodized.  The  325  strands  of  0.25  mm  are  then 
forced  through  the  conduit.  Since  this  last  step  is  difficult, 
a  fill-factor  of  40%  was  achieved.  Normal  CICC  is 
typically  70-90%,  so  the  stability  had  to  be  tested. 


Figure  2:  Test  loop  in  testing  support. 

The  individual  wires  in  the  conductor  are  made  from 
material  that  is  optimized  for  high-field  operation,  while 
the  test  magnets  was  intended  for  short  on-times  at  fields 
less  than  5  T.  The  results  are  shown  in  figure  3. 


Internal  anodized  CICC 
MITtest 


B(T) 


-D-SC  jc 
sc  cable 
-*-Exp 


Figure  3:  Test  results.  The  curve  labeled  “sc  jc”  is  the 
current  density  in  the  superconductor  in  A/mm 


The  experimental  results  appear  higher  than  the  short 
sample  limit,  but  the  cable  short  sample  is  derived  by 
multiplying  the  individual  guaranteed  wire  critical  current 
by  the  number  of  wires.  The  actual  short  sample  will  be 
higher,  and  the  background  field  is  only  accurate  to  within 
10%.  It  would  appear  there  isn’t  a  problem  with  stability 
due  to  a  low  fill  factor.  Since  the  projected  single  turn 
cross  section  is  1  cm^,  the  engineering  current  density  is 
70  AJmrc?.  The  conductor  has  a  copper-to-superconductor 
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ratio  of  3:1,  so  by  decreasing  it  to  1.5:1,  we  can  double 
the  current  density.  In  addition,  if  we  use  a  conductor 
optimized  for  2-4  T,  a  further  factor  of  two  increase  can 
be  obtained.  The  reduction  in  copper-to-superconductor 
may  impact  the  stability,  though,  so  further  test  are 
planned.  Because  the  power  supply  used  in  the  test  is 
limited  to  10  kA,  smaller  conduit  is  being  used,  as  well  as 
fewer  individual  conductors. 

Even  though  the  anodized  layer  is  brittle,  it  is  still 
possible  to  bend  it  over  some  radius  before  it  fails.  The 
sulfuric  acid  process  used  for  the  test  pieces  produce  an  ~ 
18  pm  thick  layer.  This  will  withstand  a  500  V  potential. 
Bending  the  9.5  mm  diameter  conduit  to  a  radius  of  250 
mm  reduced  the  break  down  voltage  to  100  V.  Complete 
failure  occurred  at  200  mm. 

High  magnetic  field  operation  (>  9  T)  requires  the  use  of 
NbsSn  as  the  superconducting -material.  Because  this 
material  is  brittle,  the  coil  must  be  formed  first,  anodized, 
the  unreacted  conductor  inserted,  then  heat  treatment  to 
form  the  superconducting  compound.  Aluminum  melts 
below  the  heat  treatment  temperature,  so  something  like 
titanium  would  be  needed.  Considerable  work  would  need 
to  be  done  to  make  this  practical. 

Metal  Oxide  Insulated  CICC 

Magnesium  oxide  insulated  conductor  has  been  used 
successfully  for  at  least  two  decades,  so  a 
superconducting  version  would  be  very  desirable.  One 
would  simply  fill  the  cooling  passage  with 
superconductor,  as  shown  in  figure  4. 


Figure  4:  Metal  oxide  insulated  CICC. 


The  difference  between  standard  CICC  is  the  addition  of 
the  sheath  around  the  metal  oxide.  This  reduces  the 
available  current  density,  although  some  of  it  can  be 
recovered  because  the  iimer  conduit  can  be  made  thinner 
because  the  outer  conduit  adds  to  the  strength.  Taking  a 
nominal  15  mm^  CICC  and  adding  1  mm  each  of  metal 
oxide  and  stainless  steel,  reduces  the  current  density  by 


about  20%.  There  are  several  advantages  to  this  type  of 
conductor  that  outweigh  any  lost  current  density: 

•  The  conductor  is  flexible. 

•  Magnesium  oxide,  aluminum  oxide  or  spinel  can 
be  used  for  insulation. 

•  It  is  likely  that  Nb3Sn  with  wind  and  react 
technology  may  be  used. 

One  problem  with  the  metal  oxide  insulated  conductor 
when  used  in  resistive  magnets  is  the  loss  of  resistance 
when  the  metal  oxide  absorbs  water  from  the  air.  The 
conductor  is  sealed,  but  it  is  difficult  to  completely 
eliminate  it.  For  operation  at  liquid  helium  temperatures, 
any  trapped  moisture  or  air  is  frozen  out.  The  three 
possible  metal  oxides  have  different  radiation  resistances, 
with  spinel  (an  aluminum  and  magnesium  oxide)  being 
the  best.  Unfortunately,  it  is  more  expensive  and  it’s 
drawing  properties  not  as  good  as  MgO.  All  three  of  the 
oxides  are  used  in  high  temperature  applications,  so  they 
can  readily  withstand  the  700  C  heat  treatment 
temperatures  used  in  formation  of  NbsSn,  opening  up 
operation  at  the  high  field  needed  in  the  NF. 

A  collaboration  with  the  original  manufacturer  of  the 
metal  oxide  insulated  conductor,  Pyrotenax  (now  Tyco 
Thermal  Controls)  has  been  started  to  examine  these 
possibilities. 

SUMMARY 

Several  lines  of  development  are  being  pursued  in  the 
development  of  radiation  resistant  coils  for  use  in  future 
accelerators.  The  most  promising  are  the  use  of 
anodization  to  produce  the  insulation  and  other  metal 
oxides  for  insulation  of  CICC  coils. 
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Abstract 


A  series  of  four  Snake  and  eight  Rotator 
superconducting  helical  magnet  assemblies  has  been  built 
and  installed  in  RHIC  to  control  the  polarization  of 
protons  during  acceleration  and  storage  in  that  machine. 
Each  of  these  assemblies  consists  of  four  2.4  m  long 
dipole  magnets  in  each  of  which  the  field  rotates  through 
360  degrees  along  the  magnet’s  length.  The  magnets  were 
made  by  winding  one  millimeter  diameter 
superconducting  7-strand  cable  into  slots  milled  into 
thick-walled  aluminum  tubes.  The  magnets  produce  4 
Tesla  field  at  a  current  of  320  amperes  and  are  quench- 
protected  with  0.050  ohm  resistors  placed  across  the 
winding  in  each  slot.  A  total  of  48  of  these  2.4  m  magnets 
has  been  built,  tested  and  installed.  This  paper 
summarizes  their  quench  performance  as  well  as  their 
field  uniformity,  of  which  the  integral  field  is  the  most 
critical.  All  magnets  reached  the  required  operating  field 
level  of  4  T,  and  the  integral  field  of  the  magnets  was 
generally  about  half  of  the  maximum  permissible  level  of 
0.050  Tesla  meters. 

INTRODUCTION 

Magnets  to  control  proton  spin  were  required  in  RHIC 
to  enable  a  program  of  spin  physics  using  polarized 
proton  collisions  [1].  These  magnets  precess  the  proton 
spin  from  up  to  down  and  back  again  on  each  orbit  around 
the  ring,  thereby  avoiding  depolarizing  resonances  during 
acceleration.  They  also  precess  the  proton  spin  at  each  of 
two  experimental  detectors  from  vertical  to  longitudinal 
for  the  study  of  such  oriented  collisions.  The  magnets 
were  built  over  several  years  and  are  now  completely 
installed  and  are  operational  beginning  with  the  2003 
RHIC  running  period. 

LAYOUT 

To  achieve  the  required  spin  rotations,  helical  magnets 
were  developed  in  which  the  dipole  field  rotates  through 
360°  in  a  distance  of  2.4  m.  Helical  magnets  offered  a 
more  compact  and  efficient  design  than  could  be  achieved 
with  a  combination  of  rotated  dipole  magnets.  Processing 
the  proton  spin  without  a  net  deflection  of  the  orbit  was 
achieved  by  combining  four  of  the  helical  magnets  into 
one  long  ciyostatted  device  with  different  field  strength, 
helix  direction,  and  helix  orientation  in  each  device, 
depending  on  its  task.  They  are  called  “Snakes”  because 
of  the  serpentine  particle  trajectory  through  the  device. 
The  available  space  in  the  RHIC  lattice  determined  the 
overall  length  and  therefore  the  required  field  of  the 
magnets.  The  coil  inner  diameter  is  a  large  100  mm  to 
*Work  supported  in  part  by  the  U.S.  Department  of  Energy. 


allow  adequate  space  for  the  beam  trajectory  (the  RHIC 
dipoles  have  a  coil  aperture  of  80  mm).  Four  Snakes  were 
required,  two  in  each  ring,  to  avoid  depolarizing 
resonances,  and  eight  Snakes,  also  called  Rotators,  were 
required  to  orient  the  spin  at  the  detectors.  Thus,  a  total  of 
48,  2,4  m  long  helical  magnets  was  required.  A  low 
operating  current  was  needed  to  ease  the  cryogenic  load 
from  the  numerous  power  leads  to  these  magnets,  which 
are  spread  around  the  ring. 

DESIGN 

The  design  has  been  described  in  previous  papers  [2-4]. 
Briefly,  the  coils  are  made  hy  placing  conductor,  a 
Kapton-wrapped  cable  made  of  seven,  twisted  0.33  mm 
NbTi  superconducting  wires,  into  slots  milled  into 
aluminum  cylinders.  These  cylinders  with  their  windings 
are  later  overwrapped  with  a  wet  layup  of 
fiberglass/epoxy,  then  machined  to  a  precise  diameter. 
Each  magnet  has  an  inner  coil  with  seven  slots  and  an 
outer  coll  with  nine  slots.  The  two  coils  are  assembled 
into  a  laminated  yoke  made  of  one  piece  laminations  to 
make  a  single,  2.4  m  long  helical  dipole.  End  plates  ate 
added  and  electrical  connections  including  quench 
protection  resistors  across  each  winding  are  made.  Four  of 
these  helical  dipoles  are  assembled  into  a  stainless  steel 
shell  to  complete  the  helium  enclosure  and  the  support 
structure  for  the  final  cryostatted  magnet,  which  operates 
with  forced  flow  helium  at  4.5  K.  A  few  parameters  of  the 
dipole  magnet  are  given  in  Table  I. 


Table  I:  Selected  parameters  of  the  helical  dipole. 


Parameter 

Units 

Value 

Aperture 

mm 

100 

Magnetic  length 

m 

2.4 

Field 

T 

4 

Current 

A 

320 

Number  of  turns 

1680 

Inductance 

H 

4.8 

Stored  energy  @  4  T 

kJ 

240 

Diameter  of  yoke 

mm 

355.6 

Num.  of  strands  in  cable 

7 

Strand  diameter 

mm 

0.33 

Cu  to  non-Cu  ratio 

2.5:1 

CONSTRUCTION 

The  coils  are  constructed  by  manually  placing  the 
Kapton-wrapped  cable  into  the  slots  in  an  orderly  array. 
The  sides  of  the  slots  have  been  previously  insulated  with 
Kapton  for  good  electrical  insulation.  A  layer  of  prepreg 
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material  (B-stage  epoxy/fiberglass  cloth)  is  placed 
between  each  layer.  When  all  the  turns  are  in  place,  press 
plates  are  placed  on  top  of  the  windings  and  the  coil  is 
wrapped  with  tensioned  Kevlar  cord,  then  placed  in  an 
oven  where  the  epoxy  is  cured  while  the  coil  rotates.  The 
turns  move  radially  inward  as  the  epoxy  softens  and  flows 
in  this  curing  operation.  The  end  result  is  a  compact 
matrix  of  cable  turns,  Kapton,  fiberglass  and  epoxy  filling 
the  slot.  A  photograph  of  a  coil  is  shown  in  Fig.  1 . 


Figure  1:  Photograph  of  a  helical  coil  with  conductors. 

The  thickness  of  the  prepreg  material,  initially  0.25  mm 
but  finally  0.075  mm  after  compression,  at  first  keeps  the 
turns  at  a  larger  radial  position.  As  the  turns  are  heated 
and  moved  radially  inward  by  the  tensioned  Kevlar,  extra 
cable  length  is  generated  because  of  the  helix  along  the 
length  and  because  of  the  crossover  from  side  to  side  in 
the  ends.  This  extra  length  is  accommodated  by  providing 
greater  slot  width  in  the  ends.  The  extra  space,  too  large  to 
be  completely  filled  with  the  prepreg  epoxy,  is  later  filled 
with  ceramic-loaded  epoxy. 

MEASUREMENTS 

Numerous  electrical  tests  during  construction  ensured 
that  most  construction  faults  were  caught.  An  occasional 
tum-to-tum  short  or  coil-to-groimd  fault  occurred  in  the 
construction  program  caused  by  misplaced  turns, 
generally  from  cable  buckling  while  curing.  Abbreviated 
warm  measurements  verified  that  all  windings  were 
connected  in  the  proper  sequence.  All  the  48  magnets 
were  ciyogenically  tested  for  quench  performance  and 
field  quality.  Six  magnets  developed  faults  during  or  after 
cryogenic  testing  and  required  disassembly  and  rewinding 
of  a  particular  winding  in  the  coil.  Detailed  field 
measurements  for  each  magnet  are  available  in  various 
formats  at  Brookhaven. 

Training 

Most  of  the  48  magnets  required  some  training  to  reach 
the  desired  4  T  field  (320  A).  Fig.  2  shows  the  distribution 
of  first  quenches  and  Fig.  3  shows  the  number  of 
quenches  before  the  current  exceeded  320  A.  Nine 
magnets  required  no  training,  28  required  three  or  less, 
and  1 1  required  more  than  three.  The  training  is  attributed 
to  a  paucity  of  epoxy  in  the  windings,  revealed  as  voids  in 
those  windings  that  were  on  occasion  taken  apart  or 
replaced  to  correct  faults.  This  was  a  problem  particularly 
in  the  ends  where  slots  were  wider.  Several  of  the  early 
coils  required  excessive  training  (up  to  1 8  quenches)  but 
this  problerri  improved  as  experience  in  placing  and 
compressing  the  cable  into  the  slots  was  gained  by  the 
technical  staff.  Virtually  all  the  training  occurred  in  the 
inner  coils  in  one  of  the  windings  away  from  the 
midplane,  the  region  of  highest  Lorentz  forces  and 
therefore  as  expected.  In  those  magnets  with  thermal 


cycles,  the  magnets  for  the  most  part  remembered  their 
training,  except  for  several  of  the  early  magnets  where 
some  retraining  was  necessary.  This  is  shown  in  Fig.  4. 


Current,  amperes 


Figure  2:  Distribution  of  initial  quench  currents. 


Number  of  Quenches 


Figure  3:  Number  of  required  quenches. 


Magnet 

Figure  4:  Retraining  after  thermal  cycle. 
Integral  Field 

An  important  requirement  for  the  helical  magnets  was 
that  the  integral  field  be  small  or  zero  in  order  to  avoid  net 
deflections  of  the  beam.  The  specification  was  that  the 
field  integral  be  less  than  0.025  T-m.  This  was  measured 
with  a  long,  rotating  coil  with  a  radius  of  25  mm  that 
extended  the  full  length  of  the  magnet  including  any 
fringe  field  at  the  ends.  A  typical  measurement  is  shown 
in  Fig.  5  where  the  maximum  of  the  residual  is  0.018  T-m, 
well  within  the  required  limit.  This  was  typical  for  all  the 
magnets;  none  had  a  value  greater  than  50%  of  the  limit. 
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Figure  5:  Example  of  measured  integral  field.  The 
structure  in  the  curves  is  due  to  limitations  in  the 
uniformity  of  the  measuring  coil. 

Multipoles 

In  a  helical  magnet,  all  field  multipoles  (harmonics) 
oscillate  with  axial  position.  Over  the  length  of  the 
magnet,  the  effect  of  these  multipoles  on  the  particle 
trajectory  tends  to  cancel,  so  the  requirements  on  field 
quality  are  less  stringent  than  for  normal  accelerator 
magnets;  the  local  A|B|/|B|  should  be  kept  reasonably 
below  1%.  A  rotating  coil  to  measure  the  harmonics 
should  be  as  short  as  possible  in  order  to  avoid  signal 
cancellation.  The  measuring  coil  used  to  measure  these 
magnets  was  only  51  mm  long,  about  2%  of  the 
wavelength  of  the  helix.  It  had  a  radius  of  34.2  mm,  and 
the  reference  radius  used  to  express  the  harmonics  is  31 
mm.  A  total  of  56  turns  in  the  tangential  winding  of  the 
coil  ensured  adequate  signal  strength  for  good 
measurements.  Flux  cancellation  because  of  the  helical 
field  reduces  the  dipole  field  by  0.25%  for  the  dipole  term 
and  by  2.7%  for  the  30-pole  term,  an  effect  corrected  in 
the  reported  results. 

Measurements  at  many  currents  were  typically  made  at 
a  single  location  in  the  center  of  the  magnet  and  as  a 
function  of  axial  position  at  several  currents  [5].  The  axial 
variations  of  the  quadrupole  and  the  sextupole 
components  are  shown  in  Fig.  6.  The  asymmetry  in  the 
quadmpole  component  along  the  length  of  the  magnet 
varies  magnet  to  magnet  but  the  data  shown  are  typical 
and  are  believed  to  result  from  a  combination  of  coil 
as)mmetries  inside  the  iron  yoke  and  the  centering 
technique  used.  The  variation  of  the  sextupole  amplitude 
with  current  results  from  iron  saturation  in  the  yoke. 

The  normal  sextupole  field  as  a  function  of  current  is 
shown  in  Fig.  7  (left)  for  most  of  the  magnets  on  a  single 
plot.  The  right  side  shows  the  same  data  normalized  to 
zero  at  102  A  on  the  up  ramp.  The  harmonics  are 
expressed  in  a  coordinate  system  where  the  y-axis 
coincides  with  the  dipole  field  direction.  This  allowed 
harmonic  is  quite  consistent  over  all  the  magnets. 

The  following  conclusions  can  be  drawn; 

•  There  is  considerable  magnet-to-magnet  variation  in 
the  harmonics  resulting  from  geometric  differences  in  the 
magnets. 


Z-PoiltioD  (m) 


Z-Poiition  (m) 


Figure  6:  Example  of  measured  quadrupole  and 
sextupole  fields  in  a  typical  magnet. 
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Figure  7:  Unnormalized  (left)  and  normalized 
sextupole  harmonic  for  the  magnets. 


•  The  current  dependence  of  the  harmonics  has  small 
magnet-to-magnet  variations. 

•  Z-scans  in  small  axial  increments  show  significant 
axial  variation  in  the  lower  order  harmonics. 

•  All  harmonics  are  within  safe  limits  for  machine 
operation. 
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Abstract 

WIGGLER  DESIGN 


After  construction  of  a  prototype  unit,  five  additional 
wiggler  magnets  for  the  CESR-c  conversion  have  been 
completed  at  a  rate  exceeding  one  per  month.  These  2. 1  T 
superferric  magnets  are  built  and  assembled  primarily  in 
house  with  a  minimal  staff.  We  describe  the  general 
design  and  fabrication  methods  for  these  magnets.  An 
additional  10  magnets  will  be  constructed  to  complete  the 
complement  in  the  ring  plus  two  spare  units. 

INTRODUCTION 

The  CESR-c  conversion  [1]  at  Cornell  University’s 
Laboratory  for  Elementary-Particle  Physics  will  increase 
the  world  data  set  in  the  3  to  5  GeV  c.m.  range  by  factors 
of  20  to  100  in  the  next  4  years.  Achieving  luminosities 
well  above  lO^'^  cm'^-sec"'  in  a  machine  optimized  for 
10.6  GeV  c.m.  energy  however  requires  significant 
modifications.  In  addition  to  the  lower  beam  rigidity,  the 
loss  of  a  factor  of  20  in  radiation  damping  at  the  lower 
energy  affects  injection,  single  beam  stability,  and 
luminosity  performance. 

Wiggler  Design  Requirements 

Restoration  of  this  radiation  damping  is  the  dominant 
hardware  task  in  the  CESR-c  conversion  program.  Over 
15  m  of  2.1  Tesla  wiggler  magnets  generate  the  radiation 
to  accomplish  the  damping.  Details  of  the  magnetic 
design  may  be  found  in  reference  [2].  The  peak  field  is 
chosen  as  high  as  possible  given  limits  on  acceptable 
energy  spread  in  the  beam,  which  scales  as  Vs  • 

Field  quality  requirements  are  high  because  of  their 
dominant  role  in  the  CESR  guide  field.  In  the  CESR-c 
layout  the  wigglers  produce  90%  of  the  synchrotron 
radiation  in  the  ring.  Furthermore  the  different  horizontal 
closed  orbits  (up  to  ±20  mm)  of  the  electrons  and 
positrons  used  to  separate  the  beams  at  parasitic  crossings 
causes  them  to  pass  through  the  wigglers  far  off  the 
central  axis  with  opposite  displacements.  Investigations 
with  tracking  codes  have  shown  that  the  field  at  the 
(longitudinal)  center  of  each  wiggler  pole  must  drop  off 
no  more  than  0.3%  at  ±45  mm  (the  vacuum  chamber 
aperture).  [3,4]  A  ±25  mm  vertical  beam-stay-clear 
mandates  an  unusually  large  gap  between  poles. 

The  requirements  above  quickly  led  us  to  choose 
superferric  technology  over  conventional  copper-ferric 
(too  much  power)  or  permanent  magnet  (precluded  by 
large  pole  spacing). 
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Principle  Design  Features 

Having  chosen  the  2.1  T  peak  field  as  described  above, 
the  period  of  the  wiggler  was  set  at  40  cm  as  a 
compromise  between  the  inherent  vertical  non-linearities 
(increasing  as  where  X  is  the  pole  period)  and  the 
field  roll-off  induced  non-linearities  that  increase  as 
The  length  was  chosen  as  1.725  m  flange-to-flange  (1.3  m 
active  length)  to  optimize  use  of  available  space. 

We  spent  considerable  time  deciding  between  odd  and 
even  pole  configurations.  While  the  arguments  are  too 
detailed  to  cover  here,  the  greater  flexibility  in  operating 
current  (field  quality)  provided  by  the  even  pole 
arrangement  carried  the  decision  in  the  end  (units  1  and  2 
are  7-pole,  units  3  and  higher  are  8-pole).  Four  full- 
length  (20  cm  long)  inner  poles  are  bordered  by  two 
15  cm  poles,  followed  in  turn  by  end  poles  10  cm  long 
and  with  reduced  strength  to  give  14  bend  angle  relative  to 
the  central  poles.  This  configuration  gives  zero  net  angle 
and  displacement,  and  minimizes  the  asymmetry  in 
trajectory  through  the  wiggler. 

The  cold  mass  is  enclosed  in  two  separate  volumes  of 
liquid  helium,  joined  by  several  jumper  tubes  with 
bellows.  This  cold  mass  is  shielded  from  the  warm  beam 
pipe  and  cylindrical  enclosure  by  liquid  nitrogen  cooled 
aluminum  sheets.  A  companion  paper  [5]  in  this 
conference  describes  the  cryostat  in  detail. 


Vacuum  vessel 


(300  K) 


Figure  1 :  CESR-c  wiggler  components 

Cryogens  are  provided  from  a  150  m  long  transfer  line 
tapping  into  a  preexisting  system  for  the  CESR 
superconducting  RF  cavities.  Local  PID  controllers 
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regulate  cryostat  He  gas  pressure  and  LHe  and  LN2  liquid 
levels.  Each  wiggler  has  its  own  main  and  trim  (end 
poles)  power  supplies. 

MANUFACTURING  PLAN 

For  both  scheduling  and  cost  considerations,  most  of 
the  fabrication  and  all  assembly  and  testing  are  done  in 
house.  Outside  work  included: 

•  Machining  and  plating  (where  appropriate)  of  pole 
pieces,  large  iron  and  stainless-steel  pieces,  and 
several  small  pieces  required  in  large  quantities. 

•  Fabrication  and  leak  checking  of  the  cryostat  outer 
jacket  with  all  flanges. 

•  Fabrication  of  rolled  or  formed  A1 77k  shields. 

•  Cu  extrusions  for  the  beam  line  vacuum  chamber. 

Manufacturing  Components 

The  component  tasks  of  manufacturing  the  wigglers  are 
easily  broken  into  several  parts  that  can  be  performed  in  a 
pipelined  manner.  These  are  described  individually. 

1)  Coil  winding:  Coils  are  wound  directly  on 
individual  machined  and  plated  low  carbon  iron  pole 
pieces.  The  main  poles  require  660  turns  of  0.75  mm 
Formvar  insulated  Nb-Ti  wire  with  80  pm  filament 
diameter  and  1.35:1  Cu:SC  ratio.  The  wire  is  wet  wound 
with  Epotek  T905™  epoxy,  stopping  every  five  layers  and 
clamping  with  shim  blocks  to  maintain  uniform  dimen¬ 
sions  -  one  hour  is  sufficient  to  set  the  wires  in  place. 
After  a  couple  of  weeks  training,  one  winder  can 
complete  one  main  pole  per  day,  or  a  trim  pole  (two 
windings)  in  two  days. 

2a)  Placement  and  preloading  of  poles;  The  finished 
poles  are  placed  on  a  70  mm  thick  “yoke  plate”  that 
serves  as  flux  return  and  support.  Since  the  windings  of 
adjacent  poles  experience  large  magnetic  forces  under 
operation,  the  coil  assembly  must  be  preloaded  with  about 
16  tons  of  force  (-40  MPa  pressure  on  coils)  to  prevent 
coil  motion  after  cooldown  and  the  accompanying 
shrinkage  of  material.  Because  of  small  variations  in  final 
coil  package  dimensions,  the  gaps  between  coils  must  be 
filled  with  custom  fitted  shims  to  assure  uniform  pressure. 


Figure  2:  Magnet  preload  (yellow  cylinder  on  the  left) 


Once  the  preload  pressure  is  applied  the  pole  pieces  are 
pinned  in  place  and  endplates  installed.  After  preload  the 
wiring  on  the  half-magnet  is  completed  and  checked. 


2b)  Cold  mass  enclosure:  Next  the  assembly  is  placed 
on  the  stainless-steel  (s-s)  base  plate  and  6  mm  s-s  plates 
welded  on  the  sides  and  ends.  A  preliminary  leak-check 
of  the  half  cold  mass  assembly  is  done  at  this  time  since 
the  connecting  tubes  cannot  be  rewelded  once  the 
connecting  wires  are  installed  in  them.  Then  the  top  and 
bottom  s-s  plates  (also  6  mm)  are  welded  in  place.  The 
two  half  cold  masses  are  assembled  around  the  beam  pipe 
and  inner  heat  shield,  and  leak  checked. 

3)  Assembly  in  cryostat;  Once  assembled,  the  whole 
cold  mass  assembly  is  placed  on  rails  ready  for  the 
cryostat  and  77  K  heat  shield.  A  short  section  of  the  outer 
cryostat  shell  is  first  put  in  place  to  give  access  for 
installation  of  wiring  and  tubing.  Once  the  stack  (current 
lead  and  instmmentation  feedthrough)  and  cryogen  tubing 
connections  are  made  up,  the  second  shell  section  is 
installed  and  suspension  adjusted  to  properly  position  the 
cold  mass.  Vacuum  leak  checks  are  performed  before  and 
after  final  welding  of  the  end  plates. 


Figure  3:  Cold  mass  in  first  cryostat  section  with  stack 


4)  Training  and  field  mapping:  The  finished  wiggler 
is  tested  using  LHe  from  a  dewar  (recovering  the  cold 
gas)  and  LN2  from  the  lab  distribution  system  During 
cool  down  cryogen  usage  and  temperatures  vs.  time  are 
recorded  to  check  for  irregularities.  Magnet  current  is 
increased  to  full  design  level  with  one  to  three  training 
quenches  encountered  in  the  first  six  wigglers.  Field 
mapping  uses  both  precision  Hall  probes  and  a  flip  coil 
for  integral  measurements.  After  field  mapping  the 
current  is  increased  to  -6%  above  maximum  operating 
level.  LHe  use  is  recorded  throughout  the  testing. 

Alignment;  During  assembly  the  magnet  iron  is 
referenced  to  the  cold  mass  enclosure,  then  the  cold  mass 
enclosure  to  survey  fixtures  on  the  end  flanges  of  the 
cryostat  using  a  total  station  (theodolite)  instrument.  The 
final  uncertainty  in  positioning  of  the  magnet  in  the 
accelerator  reference  system  is  estimated  to  be  ±  V2  mm  in 
position  and  +  mr  roll. 

Manufacturing  Scheduling 

In  a  continuous  production  mode,  each  of  the  tasks,  1-4, 
above  can  be  done  overlapping  with  the  others,  though  in 
practice  our  limited  resources  are  often  shared  between 
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two  or  more,  reducing  the  pipelining  efficiency.  Figure  4 
shows  how  these  tasks  are  scheduled  for  several  wigglers. 
Working  Days 


4  8  12  16  20  24  2»  32  36  40  44  46  S2  66  60  64 


Praload/W'lre' 

SDayt  1 

Cryostat  Asstmb^ 
leoiys 

Wiggler  #2  | 

Pretoad/Wire 

eoays 

Cryostat  Assembly 

ItD^ 

'  iOWb-'- 

Wiggler  #3 

WtodCoHe 

Proload'WIra 

8  Days 

Cryostat/ 

ISO 

Wiggler  #4 

-  ..WMCeOS  .  ; 

Figure  4:  Pipelined  manufacturing  schedule 


The  schedule  above  is  based  on  our  experience  with  the 
last  three  wigglers  (units  4-6)  built  for  installation  in  the 
storage  ring  during  Spring,  2003. 

In  addition,  there  are  several  asynchronous  tasks  such 
as  beam  line  chamber  fabrication  and  testing,  assembling 
77  K  heat  shields,  constructing  wiring  harness,  bending 
tubing,  etc.  Several  other  operations  are  hidden  in  the 
schedule  above  -  for  example,  we  have  two  coil  winders 
who  spend  2/3  time  actually  winding,  and  the  balance 
doing  preparation  &  cleanup  work  and  occasional  work 
on  other  projects. 

During  the  production  period  (one  wiggler  every  three 
weeks)  internal  resources  averaged  about  five  full  time 
equivalent  (FTE)  senior  technical  and  supervisory  people 
and  13  FTE  technical  support  people.  The  cost  for  parts 
and  outside  machining  and  fabrication  was  about  $80k 
per  wiggler  unit. 

TESTING  PROGRAM 

Evolution  of  the  Testing  Program 

The  testing  program  evolved  significantly  during  the 
manufacture  of  the  first  six  wiggler  units.  Initially  we 
cold  tested  most  of  the  individual  pole  windings  before 
assembly  on  to  the  yoke  plate.  Before  welding  the  LHe 
enclosure  around  the  half-magnets,  after  which  replacing 
a  defective  pole  becomes  much  more  difficult,  we  tested 
the  entire  magnet  in  a  vertical  dewar.  Finally  we  tested 
the  completed  unit  in  its  permanent  cryostat. 

The  single  pole  cold  tests,  even  when  we  made  fixtures 
to  test  two  at  once,  were  labor  intensive  and  required 
significant  quantities  of  LHe.  We  quickly  reduced  this 
program  to  testing  one  or  two  poles  per  magnet,  then  only 
if  the  coil  winders  or  warm  test  (see  below)  suggested 
some  problem  or  change  in  technique.  No  poles  failed 
this  test  once  the  winding  technique  was  established. 

The  vertical  test  was  abandoned  after  wigglers  #2  and 
#3  showed  no  failures.  (The  prototype  wiggler,  #1, 
developed  a  ground  fault  in  the  find  horizontal  test; 
subsequently  we  improved  the  insulation  around  the  coil.) 
Dropping  this  test  not  only  saves  a  week  in  the  schedule 
and  about  $3,000  of  LHe,  but  not  having  the  coils 
saturated  with  helium  before  assembly  in  the  cold  mass 
enclosure  dramatically  improves  the  sensitivity  of  the  leak 
check  process. 


Final  Testing  Program 

During  coil  production  (before  the  individual  cold  tests 
were  cut  back)  a  warm  test  of  individual  poles  was 
developed  that  proved  effective  in  finding  shorted  turns 
and  turn  count  errors.  A  pole  is  passed  under  a  long, 
narrow  pickup  coil  in  1  cm  steps.  The  change  in 
integrated  voltage  from  the  coil  between  zero  and  1  amp 
current  is  compared  with  a  reference  pole.  Differences 
equivalent  to  0.2  turns  are  readily  visible,  as  are 
displacements  in  winding  location  of  20-30  pm. 

This  warm  test,  combined  with  the  vigilance  of  the  coil 
winders,  has  resulted  in  100%  good  poles  being  installed 
in  the  wigglers  with  no  further  tests.  Insulation  testing  is 
of  course  done  at  several  stages  of  assembly  -  starting 
with  1000  volt  tests  of  individual  coils,  being  reduced  to 
500  volts  after  final  assembly  of  the  wiggler.  Wiring 
continuity  checks  are  also  performed  at  several  points. 

The  last  three  wigglers  produced  were  cooled  to  LHe 
temperatures  only  after  complete  assembly  into  the 
cryostat.  The  time  to  replace  a  pole  at  this  stage  is 
approximately  two  weeks  (but  an  additional  penalty  is 
disruption  of  production).  So  far  this  procedure  has  been 
effective.  The  measurements  during  this  final  test  were 
briefly  described  above.  Other  than  a  small  skew 
quadrupole  component  in  the  first  two  (7  pole)  wigglers 
[6],  the  measured  field  has  met  all  specifications. 

SUMMARY  &  ACKNOWLEDGEMENTS 

The  CESR-c  wiggler  design  has  proven  to  be  robust 
and  lends  itself  easily  to  moderate  scale  production.  The 
field  quality  meets  specifications  and  is  very  reproducible. 
We  have  developed  an  effective  testing  program  that 
works  well  with  the  aggressive  production  schedule. 

We  gratefully  acknowledge  the  talented  technical 
support  staff  at  LEPP.  In  particular  we  thank  machine 
shop  supervisors  Chuck  Firenze  and  John  Kaminski  for 
their  suggestions  to  optimize  the  design  for  production 
and  tireless  work  with  outside  machine  shops. 
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MAGNETIC  FIELD  MEASUREMENTS  OF  THE  NB3SN  COMMON  COIL 
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Abstract 

Goal  of  the  LBNL  Superconducting  Magnet  Program 
is  to  establish  the  technologies  associated  with  very  high 
field  superconducting  magnets,  to  provide  cost-effective 
options  for  the  next  generation  of  high-energy  colliders. 
Recent  efforts  have  focused  on  the  design,  fabrication  and 
test  of  NbaSn  common  coil  dipoles.  The  RD3b  test  has 
demonstrated  operation  at  very  high  field  and  stress 
levels.  RD3c  is  the  first  common  coil  prototype 
addressing  field  quality  issues.  A  flat  racetrack  coil  was 
wound  on  both  sides  of  a  central  bore  plate,  using  hard 
spacers  to  control  the  geometric  field  harmonics.  The 
resulting  coil  module  was  inserted  between  the  outer  coil 
modules  of  RD3b,  and  pre-stressed  using  the  reusable 
yoke  and  shell  loading  structure.  In  this  paper,  magnetic 
field  measurements  of  RD3c  are  reported  and  compared 
with  theoretical  predictions. 

INTRODUCTION 

Magnet  parameters 

RD3c  was  conceived  as  a  simple  coil  configuration  that 
would  test  the  capability  to  obtain  geometric  field  quality 
in  the  range  required  for  high  energy  accelerators.  RD3c 
was  composed  of  RD3b’s  outer  coils,  yoke  and  shell 
structure  [1-3]  and  a  new  inner  coil,  clamped  between  the 
two  outer  coils  [4].  In  Table  1  the  RD3c  performance 
parameters  are  listed. 


Table  1 :  RD3c  Performance  Parameters 


1*^^*  (kA) 

11.9 

(T) 

10.9 

(inner)  (kA/mm^) 

1.6 

I  (outer)  (kA/mm^)  1.6 

*  Calculated  values.  Training  was  suspended  before  maximum  current 
was  achieved. 

The  new  inner  module  was  composed  of  two  single- 
layer  coils,  with  one  spacer  per  layer.  The  two  layers  were 
wound  on  both  sides  of  two  central  bore  plates  and 
connected  by  an  S-bend  ramp  through  the  island-pole. 
The  spacers  near  each  borehole  allowed  enhancing  the 
field  quality  by  compensating  the  large  positive  sextupole 
generated  by  the  outer  coils.  The  design  was  not 
optimized  to  correct  the  end  field  and  the  iron  saturation 
harmonics.  As  in  RD3b,  the  inner  coils  were  separated  by 
an  aluminum-bronze  bore-plate.  A  thicker  mid-plane 
bore-plate  was  designed  to  contain  the  35  mm  bore  and 
allow  the  insertion  of  a  25  mm  diameter,  rotating-coil 
probe.  Fig.  1  shows  the  cross  section  of  RD3c. 

»  This  work  was  supported  under  contract  DE-AD03-76SF00098  by 
the  Director,  Office  of  Energy  Research,  Office  of  High  Energy 
Physics,  U.S.  Department  of  Energy. 

*  lchiesa@lbl.gov 


Figure  1 :  The  magnet  cross-section  for  RD3c. 

The  goal  of  this  magnet  was  to  measure  field  harmonic 
data  after  standard  training,  quench  and  ramp  rate  studies 
[3].  Training  started  at  77%  of  short  sample  and  reached 
92%.  At  this  point  it  was  decided  to  suspend  training  and 
perform  magnetic  measurements. 

MAGNETIC  MEASUREMENTS  RESULTS 

Test  Set-Up 

A  rectangular  coordinate  system  is  defined  by  the  z-axis 
at  the  center  of  the  magnet  aperture  and  pointing  from  the 
return  end  towards  the  leads  end,  the  x-axis  horizontal 
pointing  to  the  right  of  an  observer  who  faces  the  leads  of 
the  inner  module  and  the  y-axis  defined  by  the  right  hand 
rule  (Fig.  2). 

The  field  is  represented  in  terms  of  harmonic 
coefficients  defined  by  the  power  series  expansion  shown 
in  equation  (1)  with  ro  10  mm: 

B,  +  iB,  (6„  +  ia„  { (1) 

n=i  V  fi)  y 

The  rotating  coil,  428  mm  long,  has  11.7  mm  radius 
and  5  windings:  1  tangential,  2  dipole  bucking,  and  2 
quadrupole  bucking  (not  used  in  this  test).  The  dual  dipole 
correction  coils  were  wired  to  provide  a  high-resolution 
harmonic  signal  by  suppressing  the  fundamental  dipole 
component.  The  probe  rotated  at  constant  speed  of  IHz. 
Both  the  tangential  and  bucked  signals  were  amplified 
with  an  integrating  amplifier,  digitized  at  IkHz  with  24 
bit  HP3458A  DMV’s,  and  Fourier  analyzed  relative  to  the 
fundamental.  The  resulting  harmonics  were  corrected  for 
the  appropriate  amplifier  gain  and  coil  harmonic 
sensitivities,  and  normalized  to  a  radius  of  10  mm  to 
compare  them  with  the  calculations. 
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1  Hall  Probe 

2  Rotating  Probe 


Figure  2:  RD3c  inner  module  and  definition  of  coordinate 
system. 

A  Hall  probe  was  inserted  in  the  other  bore  for  an 
independent  measurement  of  the  dipole  field. 

Magnet  field  quality 

Four  current  cycles  were  applied  to  the  magnet,  in  order 
to  measure  the  hysteresis  harmonics.  The  central  43  cm 
integral  harmonics  were  measured  on  the  fly  during  the 
cycles. 

A  first  set  of  measurements  (MM03)  was  obtained 
during  the  first  and  second  cycles  and  a  second  set  of 
measurements  (MM04)  was  obtained  during  the  third  and 
fourth  cycles.  The  ramp  rate  was  10  A/s  for  MM03  and 
for  the  first  cycle  of  MM04  and  30A/s  for  the  second 
cycle  of  MM04.  All  ramp  cycles,  with  the  exception  of 
the  second  cycle,  went  to  10  kA  and  back,  with  several 
pauses  to  measure  the  superconductor  magnetization.  At 
10  kA  longitudinal  scan  data  were  collected.  After  these 
measurements  were  taken  the  magnet  was  ramped  down 
to  500  A  where  the  current  was  held  prior  to  the  start  of 
the  next  cycle.  During  the  cycle  with  30  A/s  ramp  rate,  no 
holds  were  performed  and  an  entire  loop  up  to  10  kA  and 
down  to  0  A  was  completed. 

The  normalized  allowed  central  harmonic  integrals  at 
90%  of  short  sample  are  summarized  in  Table  2.  In  the 
same  table  the  main  dipole  B1  calculated  and  measured 
with  the  rotating  probe  and  with  the  Hall  probe  is  shown. 

A  5  units  difference  between  the  measured  normal 
sextupole  and  the  calculated  values  was  recorded  at  10 
kA.  A  15  units  difference  was  observed  for  the  skew 
quadrupole.  The  calculated  values  of  the  normal  sextupole 
and  skew  quadrupole  are  a  consequence  of  iron  and  end 
effects,  features  not  specifically  optimized  for  this  test. 
Since  the  shift  from  the  expected  values  is  constant  with 
the  current  (Fig.  5),  geometric  effects  are  probably  the 
cause  of  this  difference.  Preliminary  calculations  of  the 
effects  of  cooldown  do  not  explain  this  difference.  The 
discrepancy  could  be  explained  by  effects  such  as  position 
of  supporting  pads,  displacement  of  the  coils  and 
fabrication  tolerances  (Table  3).  Higher  order  harmonics 
are  small  and  in  agreement  with  the  calculated  values. 


The  normalized  central  sextupole  for  the  lOA/s  cycles 
is  shown  in  Fig.  3.  At  10  kA  a  significant  hysteresis  was 
still  present  mainly  due  to  persistent  currents  effects.  The 
residual  hysteris  was  predicted  from  2D  calculations,  also 
shown  in  Fig.  3,  based  on  magnetization  data  of  the 
strands  (courtesy  of  Ohio  State  University).  The 
calculated  values  and  measurements  were  shifted  in  order 
to  be  symmetric  around  0  unit  at  10  kA.  This  allowed  a 
better  comparison  between  the  2D  calculations  and  the 
measurements  showing  a  reasonable  agreement  of  the 
data  with  the  predicted  behavior. 


Table  2:  Calculated  and  Measured  Main  dipole  B1  and 
allowed  harmonics  at  lOkA 


Normal 

Calc 

Meas 

Skew 

Calc 

Meas 

bs 

-5.44 

-10.39 

32 

-31.2 

-15.65 

b, 

-0.24 

-0.02 

34 

-1.56 

-1.45 

b? 

0.58 

0.61 

as 

0.01 

-0.20 

B1(T) 

integrated 

9.16 

9.77 

B1(T) 

central 

9.23 

9.26 

Measured  values;  lE-4  units,  averaged  between  up-ramp  and 
down-ramp  to  cancel  the  hysteresis  (ro=  10mm). 

Table  3:  Sensitivity  to  geometric  effect 


Normal  sextupole 

Value 

Abs 

Irmer/outer  cable  thickness 

+10  um 

+0.3/-1.15 

Central  spacer  height 

+100  um 

+0.5 

Irmer/outer  coil  horiz.  position 

+100  um 

+0.9/+0.4 

Skew  quadrupole 

Value 

Aa^ 

Irmer/outer  coil  vert,  displac. 

+100  um 

+3.0/-2.8 

01  23456789  10  11 

Current  (kA) 


Figure  3:  Normal  sextupole,  lOA/s  measurements  and  2D 
hysterisis  calculation  using  magnetization  data  of  strands. 

The  Hall  probe  measurements  in  one  bore  were 
compared  with  the  peak  central  field  calculations.  For 
current  above  3  kA  the  measurements  agree  with  the 
calculated  values  within  0.5%  (Fig.  4).  Below  3  kA  the 
discrepancy  increases  up  to  2%.  Persistent  and  eddy 
current  effects  are  not  included  in  the  calculations.  In  the 
second  bore  the  measurements  of  the  dipole  component 
performed  with  the  rotating  coil  were  compared  with  the 
3D  calculated  integrals  over  the  probe-coil  length  (slightly 
lower  than  the  central  value  due  to  the  ends  effect).  In  this 
case  there  was  a  systematic  deviation  of  5%  from  the 
calculated  values,  which  is  still  under  investigation. 
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Figure  4:  Main  dipole  component  as  a  function  of  current. 


The  geometric  normalized  sextupole  as  a  function  of 
current  is  shown  in  Fig.  5.  Up-ramp  and  down-ramp 
values  were  averaged  to  eliminate  ramp  rate  and 
magnetization  hysteresis.  The  average  of  the 
measurements  with  its  error  bars  was  compared  with  the 
calculation.  The  current  dependence  of  the  harmonic 
value  is  due  to  saturation  of  the  iron.  The  measured 
normal  sextupole  well  reproduces  the  expected  saturation 
effect  but  had  a  relatively  constant  shift  of  5  units  from 
the  absolute  value  as  mentioned  earlier. 


Figure  5:  Normalized  integrated  sextupole  as  a  function  of 
magnet  current  (data  averaged  among  up-down  ramps). 

Longitudinal  scans  were  also  performed.  The  measured 
values  of  the  main  dipole  field  B1  and  normal  sextupole 
component  were  compared  with  the  calculated  values.  For 
the  main  component  B1  a  scaling  factor  was  applied  to 
account  for  the  5%  B1  error  previously  discussed.  The 
data  also  needed  to  be  shifted  longitudinally  18  mm 
relative  to  the  center  position,  which  was  determined 
roughly  by  oscilloscope  measurements.  An  18  mm  error 
was  well  within  the  uncertainty  of  this  method  of 
positioning.  For  the  sextupole,  the  expected  dependence 
from  position  was  satisfactory  but  a  negative  5  units  shift 
from  the  calculated  values  was  again  observed  Fig.  6. 


Figure  6:  Axial  dependence  of  the  sextupole  b3  relative  to 
the  center  of  the  magnet. 


CONCLUSIONS 

RD3c  was  the  first  high  field  common  coil  with  basic 
field  quality  features.  The  results  obtained  in  this  first 
attempt  were  very  satisfactory  considering  the  design 
constrains  of  the  magnet.  Several  upgrades  of  the  test 
facility  were  also  implemented  for  this  test  (new  header 
and  vertical  motion  apparatus). 

Further  investigations  will  be  addressed  in  order  to 
explain  the  discrepancies  between  calculation  and 
measurements.  A  careful  analysis  of  fabrication  tolerances 
and  their  effect  on  field  quality  is  required.  Possible 
sources  of  field  error  are  also  the  mechanical  effects  due 
to  deformation  of  the  coil  tmder  Lorentz  forces  at  cold 
compared  to  the  room  temperature  unstressed  geometry, 
and  magnetization  effects  (visible  at  low  currents). 
Samples  of  iron  and  aluminum-bronze  bore  plate  are 
being  measured  at  NIST  to  confirm  the  permeability 
values  used  in  the  model. 

A  second  thermal  cycle  with  more  focused 
measurements  is  planned  to  improve  the  quality  of  data 
collected  and  increase  the  statistic  of  results.  It  will  allow 
a  better  understanding  of  magnetization  and  eddy  current 
effects  and  the  investigation  of  snap  back  behavior  in 
NbsSn  magnets. 

Common  coil  designs  optimized  to  address  iron 
saturation  and  field  quality  have  been  developed  and  will 
be  implemented  in  future  prototypes  [6]. 
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Abstract 

The  field  quality  measurements  at  room  temperature  of 
around  100  collared  coils  of  the  main  LHC  dipoles  are 
analysed.  Using  correlations  to  field  measurements  at 
1.9  K,  comparison  with  beam  dynamics  limits  are 
discussed.  Both  random  and  systematic  components  are 
analysed,  allowing  to  pin  out  the  most  critical  multipoles. 
Corrective  actions  that  have  been  taken  during  the  pre¬ 
series  phase  are  presented;  we  focus  on  the  low  order 
systematic  multipoles  that  are  shown  to  be  the  most 
difficult  components  to  steer.  A  preliminary  analysis  of 
the  integrated  main  field  and  of  its  implications  on  the 
possible  scenarios  for  the  installation  are  also  carried  out. 

INTRODUCTION 

Magnetic  measurements  are  carried  out  with  a  75  mm 
long  rotating  coil  on  20  consecutive  positions  in 
longitudinal  direction  to  cover  the  15  m-long  LHC 
dipoles.  For  each  position,  the  field  harmonics  up  to  order 
15  are  measured,  in  both  apertures.  Each  harmonics 
averaged  over  the  dipole  axis  is  compared  to  beam 
dynamics  requirements,  whilst  spikes  in  the  longitudinal 
profile  help  in  detecting  local  defects  during  assembly. 

In  this  paper  we  will  discuss  our  approach  for  quality 
control,  identify  targets  for  field  shape,  present  limits  to 
corrective  actions  during  production  and  finally  examine 
the  status  of  field  quality  in  the  pre-series  LHC  dipoles. 
We  will  express  units  in  10'^,  at  17  mm  reference  radius. 

QUALITY  CONTROL 

In  order  to  fix  field-shape  ranges  for  quality  control,  for 
each  manufacturer,  we  select  a  sufficiently  large  group  of 
data  and  we  separate  them  into  three  sets:  straight  part, 
connection  and  non-connection  heads.  We  compute  the 
average  and  the  a  for  each  set,  rejecting  cases  clearly  out 
of  statistics  [1],  and  we  set  control  limits  at  ±3.5  a 
(warning)  and  at  ±7  a  (alarm).  For  Gaussian  distributions, 
we  should  expect  a  single  warning  during  the  production. 
We  use  the  same  approach  both  for  collared  coils  and  for 
the  cold  mass.  In  the  latter  case,  for  a  more  stringent  test, 
we  compute  the  difference  fl'om  collared  coil  harmonics, 
since  the  contribution  of  the  iron  yoke  is  very  stable  [2]. 

Automatic  checks  of  magnetic  measurements  allowed 
us  to  detect  both  faulty  measurements  (4  over  98)  and 
assembly  errors  (2  over  98).  We  found  the  first  error  in 
collared  coil  2002,  having  a  big  spike  of  40  units  in  the 
main  field,  of  24  units  in  plus  minor  spikes  in  a^,  aj 
and  b}  along  a  length  of  2  m  in  the  central  part.  This  was 
induced  by  the  erroneous  insertion  of  a  second  coil 
protection  sheet,  0.5  mm  thick,  in  the  corresponding 
dipole  section.  We  found  the  second  error  in  collared  coil 
1027,  showing  a  localized  spike  in  of  5.5  imits,  with 


minor  anomalies  in  bj  and  This  was  induced  by  a 
missing  shim,  0.8  mm  thick,  along  a  length  of  1.5  m,  in 
the  pole  outer  layer.  We  could  predict  its  location  by  field 
simulations  considering  the  sign  of  the  faulty  harmonics. 

FIELD  QUALITY  TARGETS 

Targets  for  field  shape  harmonics  are  given  in  terms  of 
systematic  (average  along  the  ring),  random  (a  for  one  arc 
-  a  priori  the  same  in  each  arc)  and  uncertainty  (ct  of  the 
average  per  arc)  [3].  Random  and  uncertainty  targets 
result  from  a  compromise  between  what  is  needed  for 
beam  stability  and  what  can  be  reached  with  realistic 
mechanical  tolerances.  The  final  choice  mostly  relies  on 
experience  of  previous  machines  [4,5].  Systematic  targets 
and  their  acceptance  ranges,  instead,  result  from  beam 
dynamics  considerations  only:  any  target  is  achievable  by 
the  design  of  the  coil  cross-section,  whilst  keeping  it 
within  the  allowed  range  for  the  whole  production  is  the 
true  challenge.  Ranges  for  systematic  harmonics  at 
injection  and  at  high  energy  differ  by  an  offset  resulting 
from  persistent  currents,  iron  saturation  and  electro¬ 
magnetic  forces  [6].  Their  intersection  determines  the 
effective  range  for  field  quality.  Finally,  targets  and 
ranges  for  collared  coil  harmonics  result  from  correlation 
of  harmonics  measured  in  warm  and  in  cold  conditions. 

The  criticality  of  each  harmonic  is  proportional  to  the 
ratio  between  its  measured  spread  during  production  and 
the  allowed  range  for  the  systematic  value.  In  Table  1, 
lower  order  harmonics  are  evaluated  for  already  produced 
collared  coils.  With  our  criterion,  bs,  02  and  04  are  the 
most  critical,  whilst  bi,  b4  and  aj  are  the  easiest  to  control. 


Table  I:  Measured  random  component  versus  the  allowed 
range  for  the  systematic,  given  in  Ref.  [3]. 


b, 

bs 

b. 

b2 

b4 

Z.2 

a3 

a* 

a 

1.50 

0.45 

0.17 

0.70 

0.11 

1.30 

0.40 

0.30 

range 

7.00 

0.70 

0.48 

2.20 

0.74 

2.00 

1.40 

0.28 

LIMITS  TO  CORRECTIVE  ACTIONS 

The  time  sequence  of  the  dipole  production  shows  that 
we  should  take  corrective  actions  already  on  collared 
coils  in  order  to  shorten  the  feedback  delay.  A  correlation 
between  measurements  at  300  K  in  the  industry  and  in 
cold  operational  conditions  is  needed  for  an  effective 
steering  of  the  field  quality. 

A  predictive  magnetic  model  is  another  key  tool,  since 
forecasting  absolute  values  of  field  harmonics  is  essential 
in  conceiving  prototypes.  With  our  numerical  model 
which  also  evaluates  iron  contributions  and  coil 
deformations  [6-9],  we  obtained  an  agreement  between 
measured  and  expected  values  of  1  to  2  times  the 
measured  random  component.  Indeed,  bs  agrees  within  3 
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units,  bs  within  1  unit  and  by  within  0.4  units.  If 
deformations  are  neglected,  the  agreement  on  bs  becomes 
much  worse  (4  a,  i.e.  2  units)  [8-9].  This  is  however 
insufficient  for  steering  the  field  quality,  and  iterations  on 
the  coil  design  are  needed.  In  this  case,  our  model  is  used 
in  differential,  to  enhance  the  precision.  For  the  LHC 
dipoles  we  carried  out  a  comparison  between  model  and 
measurements  in  three  different  cases: 

•  In  reshaping  the  iron  insert  to  reduce  the  systematic 
values  of  by  and  6.#  [10]. 

•  In  resizing  the  polar  shims  to  optimize  the  systematic 
values  of  by,  bs  and  67  [1 1, 12]. 

•  In  choosing  the  size  of  the  mid-plane  insulation  to 
optimize  the  systematic  values  oiby  bs  and  by  [13]. 

The  agreement,  always  found  within  20%,  is  considered 
excellent.  Indeed,  just  to  evaluate  the  effect  of  a  coil 
deformation  we  may  use  a  different  realistic  hypothesis, 
which  may  already  lead  to  differences  up  to  10%. 

In  comparing  the  harmonics  of  the  collared  coils  with 
cold  measurements  we  observe  a  linear  correlation  with  a 
slope  close  to  the  theoretical  value  of  1/1.18,  induced  by 
the  iron  yoke  effect  of  18%  on  the  main  field  [14].  The 
spread  around  the  linear  fit  is  to  be  compared  to  the 
allowed  ranges  for  systematic  components  [3].  This 
spread  is  large  only  for  ay,  ay  and  by.  On  the  other  hand, 
the  influence  of  persistent  currents  on  bs,  by  and  by  seems 
to  be  well  understood  and  reproducible. 

FIELD  QUALITY  STATUS 

Systematic  harmonics 

All  systematic  skew  and  even  normal  harmonics  are 
within  targets.  The  corrective  action  taken  at  the  end  of 
the  prototype  phase  on  the  insert  shape  to  correct  by  and 
i.#  [10]  has  been  effective.  The  odd  normal  harmonics  are 
shown  in  the  right  part  of  Fig.  1,  and  are  still  too  large  for 
the  second  cross-section. 


Figure  1 :  Systematic  by.  by  and  by  (blue  dots)  versus  beam 
dynamics  targets  (red),  raw  data  fleft)  and  data  separated 
by  cross-section,  reduced  to  nominal  shims  (right). 

In  order  to  reduce  by  and  by,  we  decided  on  a  reshaping 
of  the  internal  copper  wedges  by  less  than  0.4  mm 
keeping  the  same  coil  and  collar  shape  [15].  Our  aim  was 
shifting  by  by  -3.5  units,  by  by  -1.35  units  and  by  by 


+0.18  units.  The  observed  effect  instead  was  -3  units  for 
by,  -0.80  units  for  by  and  +0.45  for  by.  We  decided  to 
change  the  cross  section  after  9  collared  coils.  Afterwards 
we  saw  an  unexpected  trend  of  7  units  of  by  in  the  first  15 
collared  coils.  We  could  explain  only  a  part  of  the  trend  (2 
units)  by  out-of-tolerance  copper  wedges  [16]. 

Random  harmonics 

In  Fig.  2,  we  show  random  harmonics  in  collared  coils, 
reduced  to  nominal  shims.  Data  relative  to  the  first  cross- 
section  shows  larger  spreads  than  in  the  second  cross- 
section,  due  to  a  learning  process  during  the  production. 
The  random  imperfections  are  well  within  specifications 
or  at  the  limit  as  for  the  integrated  main  field  BdL,  for  by 
and  for  by.  Only  by  is  out-of-tolerance  because  of  the 
trend  in  first  cross-section.  This  makes  the  installation 
scenario  of  a  full  dipole  mixing  compatible  with  beam 
dynamics  targets  from  the  point  of  view  of  geometric 
harmonics. 
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Figure  2:  Random  multipoles:  targets  versus  measured 
values  per  manufacturer  and  for  the  full  production, 
separated  by  cross-sections,  reduced  to  nominal  shims. 


First  estimates  of  uncertainty 

We  observe  a  non-negligible  difference  between 
manufacturers  in  the  following  quantities: 

•  Main  field:  approx.  20  units  difference  between  Finn3 
and  the  other  Firms. 

•  by.  1.5  units  smaller  (larger)  value  in  aperture  1 
(aperture  2)  for  Firm3  than  elsewhere,  probaWy  due  to 
different  collar  manufacturers. 

•  by.  1  unit  of  differences  between  Firml  and  Firm2, 
Firm3  being  in  between. 

•  by.  up  to  0.4  units  of  difference  between  Firml  and 
Firm2,  Firm3  being  in  between. 

Magnetic  length,  by,  by  and  skews  show  no  systematic 
differences  between  manufacturers. 

OPEN  POINTS 

Systematic  odd  normal  multipoles 

The  present  large  values  of  systematic  by  and  by  seem  to 
have  a  negligible  impact  on  beam  stability.  However,  in 
case  of  a  drift,  these  multipoles  can  go  out-of-tolerance. 
Moreover,  at  high  field,  by  should  be  corrected  using 
chromatic  sextupoles,  thereby  reducing  operational 
flexibility.  In  order  to  reduce  by  by  and  by  a  solution  is  to 
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increase  the  thickness  of  the  insulation  in  the  coil  mid¬ 
plane  [17].  An  additional  layer  of  0.1  mm  Insulation 
would  recover  safer  values  for  these  multipoles,  with  a 
minimal  cost.  A  test  on  a  1  m-long  model  is  in  progress, 
showing  results  in  agreement  with  models  [13]. 

Systematic  differences  in  integrated  main  field 
In  collared  coils  30  to  80,  die  integrated  main  field  is 
systematically  larger  by  about  20  units  in  Firm3,  as  shown 
in  Fig.  3.  This  brings  the  random  BdL  at  the  limit  of  the 
target  and  stem  in  a  variation  of  the  main  field  in  the 
straight  part,  whilst  the  magnetic  length  does  not  show 
relevant  differences  between  manufacturers.  A  difference 
of  56  pm  (0.2%)  in  the  coil  radius  can  explain  it.  Instead, 
nor  copper  wedge  dimension  errors,  neither  differences  in 
collar  manufacturers  (contrary  to  the  case  of  can 
explain  this  difference.  We  can  correct  the  effect  by  acting 
on  ferromagnetic  laminations  to  compensate  with  a  higher 
or  lower  magnetic  length  the  offset  in  the  main  field.  A 
decrease  of  magnetic  length  in  Firm3  and  an  increase 
elsewhere  according  to  the  maximal  values  given  in  the 
dipole  specification  should  allow  to  compensating  half  of 
this  systematic  offset.  Data  in  operational  conditions 
partially  confirm  this  offset,  but  more  statistics  would  be 
desirable  before  carrying  out  the  corrective  action. 


Figure  3:  Integrated  main  field  in  the  collared  coil: 
measured  data  (markers)  and  ±3  a  limit  (dotted  lines). 
Data  reduced  to  nominal  shims. 


Field  quality  variation  after  re-collaring 

Four  magnets  have  been  re-collared  for  electrical 
problems  or  assembly  faults.  Field  quality  measurements 
showed  a  non-negligible  systematic  variation  of  odd 
normal  multipoles:  the  larger  effect  is  a  positive  change  of 
bs  of  around  0.5  units.  This  could  be  due  to  a  plastic 
deformation  of  the  coil  or  maybe  of  the  collars.  Indeed, 
this  should  not  play  a  relevant  role  in  the  field  quality 
control  since  we  expect  to  collar  more  than  once  only  a 
small  fraction  of  collared  coils. 

CONCLUSIONS 

The  magnetic  field  of  98  collared  coils,  56  cold  masses 
and  24  cryomagnets  has  been  measured.  Magnetic 
measurements  at  room  temperature  are  being  successfully 
used  as  a  tool  to  detect  faulty  components  or  assembly 
procedures.  Two  collared  coils  have  been  intercepted  for 
anomalies  in  magnetic  field,  and  in  both  cases  assembly 


errors  have  been  found.  The  automatic  procedures  to 
screen  magnetic  measurements  are  active.  Measured 
random  harmonics  are  within  specifications  for  beam 
djmamics  [3].  The  hard  part  is  steering  systematic 
harmonics,  like  04  and  bs  where  the  allowed  range  is 
small  compared  to  the  random  part. 

Our  capability  of  modelling  field  quality  in  the  collared 
coil  is  rather  good  [10].  Sensitivities  matrices  can  be 
estimated  with  20%  error.  The  absolute  agreement 
between  model  and  measurements  is  within  two  times  the 
random  component,  coil  deformations  playing  a  strong 
role  for  the  bs  [8-9].  The  steering  of  field  quality  should 
be  based  on  collared  coil  data,  due  to  the  delay  of  months 
between  coil  assembly  and  final  tests  at  1.9  K. 
Correlations  between  collared  coil  data  and  measurements 
at  1.9  K  are  rather  good  since  the  contribution  of 
persistent  currents,  saturation  and  Lorentz  forces  is  well 
reproducible,  but  they  should  be  carefully  monitored 
during  the  whole  production. 

Systematic  skew  and  even  normal  multipoles  are  within 
targets.  For  odd  normal  multipoles  we  applied  corrective 
action  on  the  coil  cross-section  [15],  and  the  present 
values  provide  the  required  beam  stability.  However,  we 
are  at  the  limit  of  the  targets  for  bs,  bs  and  67  hence  an 
additional  corrective  action  will  be  probably  necessary. 

A  corrective  action  based  on  a  change  of  the  magnetic 
length  is  in  preparation  to  compensate  part  of  the  20  units 
difference  in  BdL  between  Firm3  and  the  other 
manufacturers. 
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ENERGY  RECOVERY  LINACS  LIGHT  SOURCES:  AN  OVERVIEW 

J.  B.  Murphy,  NSLS/BNL,  Upton,  NY  11973  USA 


Abstract 

Sparked  by  the  highly  successful  operation  of  energy 
recovery  linac  (ERL)  free  electron  lasers  (FELs)  at 
TJNAF  [1]  and  JAERI  [2]  and  also  by  the  novel  MARS 
light  source  (LS)  proposal  from  BINP  [3],  numerous 
facilities  worldwide  are  now  considering  ERL  based  light 
source  projects.  A  survey  of  the  various  light  sources  and 
FELs  based  on  ERL  technology  will  be  given.  An 
overview  of  the  critical  R&D  issues  that  must  be 
addressed  in  future  ERLs  will  also  be  presented. 

INTRODUCTION 

Motivation  for  an  ERL  Light  Source 
State  of  the  art  storage  ring  based  synchrotron  light 
sources  are  achieving  horizontal  emittances  of  a  few 
nanometers  &  values  of  10^-10^  less  for  the  vertical  plane 
yielding  a  brightness  ~  10^'  ph/sec/0.1%BW/mm^-mrad^. 
Further  reduction  in  the  equilibrium  emittance  is 
becoming  very  challenging  due  to  dynamic  aperture 
limitations  and  short  lifetimes.  It  is  also  unlikely  that 
electron  bunch  lengths  in  rings  will  shrink  much  below  10 
ps  (RMS).  ERL  based  light  sources  are  being  explored  as 
the  pathway  to  even  higher  brightness  and  sub  picosecond 
pulses. 

In  contrast  to  an  electron  storage  ring  which  stores  the 
same  electrons  for  hours  in  an  equilibrium  state,  in  an 
ERL  it  is  only  the  energy  of  the  electrons,  not  the 
electrons  themselves,  that  is  ‘stored’.  Individual  electrons 
may  spend  as  little  as  1  (is  in  an  ERL  and  as  such  never 
reach  an  equilibrium  state.  It  is  precisely  the  fact  that  the 
electrons  are  continually  being  refreshed,  while  the  energy 
is  recovered  for  use  by  succeeding  electrons,  that  makes 
an  ERL  such  an  attractive  concept. 

Why  Energy  Recovery? 

The  power  in  an  electron  beam  of  current  I  and  energy  E 
can  be  written  as: 

P  [GW]  =  E  [GeV]  •  I  [Amp].  (1) 

For  a  6  GeV  light  source  like  the  ESIIF  the  power  in  Ae 
electron  beam  is  1.2  GW.  This  is  possible  because  the 
same  electrons  are  circulating  in  the  machine  generating 
the  large  average  current  (200  ma)  and  the  RF  system 
only  has  to  replace  a  small  fraction  of  this  power,  that 
which  is  radiated  in  the  dipoles  and  insertion  devices,  ~  1- 
2  MW.  To  generate  a  200  ma  CW  average  current  in  a  6 
GeV  linac  without  energy  recovery  would  require  paying 
the  electric  bill  for  the  full  1.2  GW. 

Brief  Historical  Perspective 
As  early  as  1965  Tigner  [4]  proposed  ‘energy  recovery’ 
in  opposing  superconducting  (SC)  linacs  to  generate 
colliding  beams  for  high  energy  physics.  Recirculating 
linacs  &  racetrack  microtrons  have  been  part  of  the 


accelerator  landscape  for  more  than  twenty  years  [5,6]; 
some  of  the  early  machines  already  included  SC  cavities: 
the  Illinois  racetrack  microtron  [7],  the  Stanford  SC 
recyclotrons  [8]  and  the  S-DALINAC  at  Darmstadt  [9]. 

However  it  wasn’t  until  1986  that  ‘energy  recovery’,  in 
the  sense  now  being  considered,  was  successfully 
demonstrated  on  the  SCA  FEL  machine  at  the  Stanford 
HEPL  [10].  This  pioneering  experiment,  which  included 
1.3  GHz  SC  multicell  cavities,  succeeding  in  accelerating 
a  beam  in  the  linac  in  the  first  pass  and  by  adjusting  the 
path  length  in  the  return  arc  the  beam  was  properly 
phased  and  decelerated  in  a  second  pass  through  the  linac. 
In  addition  to  recognizing  the  possible  savings  in  RF 
power  and  shielding,  and  the  increases  in  overall 
efficiency,  the  HEPL  team  also  suggested  the  installation 
of  an  FEL  wiggler  in  the  return  leg.  This  last  suggestion 
for  an  ERL  FEL  was  never  realized  on  the  SCA  machine, 
it  would  take  another  dozen  years  for  this  novel  idea  to  be 
brought  to  fruition  at  TJNAF  and  JAERI. 

Stimulated  by  these  innovative  machines,  numerous 
proposals  to  use  ERL  technology  to  construct  novel  light 
sources  have  appeared  recently. 

ERL  Light  Source  Basics 

In  its  most  basic  form  an  ERL  light  source  (LS) 
consists  of  an  electron  source,  a  linear  accelerator,  a 
magnetic  arc  lattice  to  return  the  electron  beam  through 
the  linac  with  a  1 80°  phase  shift  for  deceleration,  a  device 
to  convert  electron  kinetic  energy  into  photons  (an 
imdulator  or  FEL)  and  finally  a  beam  dump  (see  Fig.  1). 


Figure  1:  Generic  1.5  Turn  ERL  Light  Source 

Variations  on  this  basic  theme  are  also  possible: 

■  N-passes  through  the  same  linac  coupled  with 
N-arcs  can  reduce  the  size  of  the  linac  and  yield 
N  different  energy  beams  but  this  requires  the 
linac  to  support  N-times  the  current  in  one  arc, 

■  linac  sections  can  occur  on  opposite  sides  of  the 
arc  to  generate  two  different  energy  beams,  etc. 

The  objectives  in  an  ERL  LS  are  to: 

■  produce  the  highest  quality  electron  beam  in  the 
injector  with  the  “lowest  possible  energy  as  this 
energy  is  unrecoverable. 
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accelerate  the  electron  beam  to  the  final  energy 
with  high  efficiency, 

transport  the  electrons  to  the  photon  generator 
(e.g.  undulator,  PEL)  without  corruption  &  with 
optimized  transverse  and  longitudinal  profiles, 
convert  as  much  kinetic  energy  of  the  electrons 
to  photons  as  possible, 

recover  as  much  of  the  remaining  electron 
energy  in  the  linac  to  maximize  the  overall  wall 
plug  efficiency  before  dumping  the  beam  with  a 
minimum  of  activation  in  the  dump. 


The  JAERI  PEL  [2]  makes  use  of  two  five  cell  500 
MHz  SC  cavities,  but  most  of  the  other  ERLs  considered 
in  this  overview  chose  higher  fi'equency  cavity  designs 
such  as  those  in  Table  1.  Even  though  the  TESLA  design 
has  benefited  from  extensive  development  in  the  last 
decade,  it  is  slated  for  use  in  a  “pulsed  mode”  for  both  the 
collider  and  the  XPEL.  Additional  work  will  have  to  be 
done  on  any  of  the  linac  structures  if  average  currents  are 
to  exceed  100  ma,  as  significant  HOM  power  will  have  to 
removed  from  the  cryostats. 


KEY  ELEMENTS  OF  AN  ERL 

Electron  Injectors 

In  contrast  to  a  storage  ring  where  an  injected  electron 
beam  of  poor  quality  can  be  “cleaned  up”  with  radiation 
damping,  in  an  ERL  one  must  produce  the  highest  quality 
beam  “at  birth”  as  effects  such  as  space  charge, 
Wakefields  &  dilution  will  only  degrade  the  beam  quality. 
However,  this  fact  cuts  both  ways,  and  suggests  a  “natural 
upgrade  path”  for  an  ERL  whereby  improvements  in  the 
injector  could  enhance  the  overall  system  performance. 

There  are  several  possible  injectors  we  shall  only 
mention  two,  both  of  them  photoinjectors:  DC  &  RP.  The 
first  class  of  injector  has  produced  the  highest  rep  rate 
beams  (~100  MHz),  while  the  second  class  has  produced 
the  best  normalized  emittances  (Cn  s  “  1  Itm)  for  a 
charge  per  bunch  Q  ~  0.1-1  nC. 

The  JLAB  PEL  is  driven  by  a  DC  photoinjector 
operating  at  350  kV  and  it  produces  an  electron  beam  with 
En  ~  15-25  (im  for  a  charge  per  bunch  of  60-135  pC  at  a 
rep  rate  of  37-75  MHz  [11].  The  gun  has  recently  been 
upgraded  to  operate  at  500  kV  and  it  is  undergoing 
commissioning. 

An  RP  photoinjector  makes  use  of  extremely  high 
accelerating  gradients  (~  100  MV/m)  to  rapidly  accelerate 
the  electrons  from  the  cathode  and  thereby  reduce  the 
emittance  growth  at  low  energy  caused  by  space  charge 
[12].  To  date,  the  RP  guns  have  produced  the  highest 
quality  electron  beams  but  typically  at  a  rep  rate  of  10- 
100  Hz.  The  exception  is  the  433  MHz  Boeing  injector 
which  operated  with  a  25%  duty  cycle  [13].  The  challenge 
for  high  rep  rate  RP  photoinjectors  is  to  balance  the  high 
gradient,  which  produces  the  low  emittance,  against 
thermal  effects. 

One  way  to  bypass  thermal  problems  is  to  make  use  of 
a  SC  photoinjector.  In  fact  a  SC  RP  gun  is  being  explored 
but  significant  R&D  will  be  required  before  this  is  the  gun 
of  choice  [14]. 

Superconducting  Linacs  (SC  RF) 

In  the  last  decade,  superconducting  RP  technology  has 
matured  to  the  point  Aat  virtually  all  new  and  fiiture 
accelerators,  be  they  for  light  sources  or  otherwise, 
incorporate  SC  RP.  This  is  true  for  rings,  PELs  and 
recirculating  machines,  e.g.,  CEBAP,  LEP,  SNS,  SOLEIL, 
TESLA,  XPEL,  etc. 


Table  1 :  SC  Linac  Properties 


Parameter 

CEBAF 

(Orieinal/New) 

TESLA 

far  [GHz 

1.5 

1.3 

Cells  per  Cavity 

5/7 

9 

Grad.  [MeV/m] 

5-8/12 

15-20 

Q 

2-5x1076.5x10’' 

IxlO'® 

Arc  Optics 

The  magnetic  arcs  in  an  ERL  serve  two  purposes,  1)  to 
return  the  electron  beam  to  the  linac  entrance  with  a  phase 
shift  for  deceleration  and  2)  to  optimize  the  transverse  and 
longitudinal  profiles  of  the  electron  beam  for  both  photon 
generation  and  recovery  in  the  linac  and  dump. 

The  choice  of  arc  optics  is  dictated  by  the  energy  of  the 
ERL,  its  particular  application  and  the  quality  of  the 
electron  beam  required.  Quantum  fluctuations  due  to 
incoherent  synchrotron  radiation  in  27t  of  bending 
magnets  of  the  arcs  gives  rise  to  an  energy  spread  and 
emittance  increase  [15]: 


Aa.  = 


557ir,X,  f 
24^3  p^’ 


(2) 


BM 

where  Hfsj^yti^ +2aTiTi'+PTi'^  is  the  Courant-Snyder 
parameter. 

To  prevent  excessive  energy  spread  the  dipole  bending 
radius,  p,  must  be  chosen  sufficiently  large.  To  combat 
the  rapid  gro^wth  in  emittance  with  energy,  Ae  ~  'f,  the 
Courant-Snyder  parameter  must  be  kept  small  by 
segmented  the  dipoles  into  many  pieces  as  is  done  in 
storage  ring  LS  lattices.  For  example  the  180°  Bates  bends 
which  are  suitable  for  the  48  MeV  TJNAF  FEL  are  not 
acceptable  for  a  5  GeV  low  emittance  ERL  LS.  This  latter 
source  might  require  a  large  number  of  triple  bend 
achromat  (TBA)  cells  for  the  arc  which  minimizes 
emittance  growth  and  provides  tuning  of  the  momentum 
compaction  of  the  arcs  forbimch  compression  [16]. 

Combining  an  energy  chirp  from  the  linac  with  either  a 
dedicated  bunch  compressor  or  using  the  dispersive  nature 
of  the  arcs  allows  for  manipulation  of  the  longitudinal 
phase  in  an  ERL,  in  particular  compression  of  the  electron 
bunches  to  the  sub  picosecond  level.  Nonlinearities  in  the 
linac  and  arcs  will  affect  the  minimiun  bunch  length 
achievable:  the  long  electron  bunches  fi'om  the  injector 
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will  sample  the  nonlinearities  in  the  linac  waveform  and 
this  can  be  compensated  with  a  third  harmonic  cavity, 
while  nonlinearities  in  the  arcs  can  be  compensated  using 
sextupoles  and  higher  order  multipoles. 

The  focusing  in  the  linac  can  present  a  challenge  even 
for  the  simple  ERL  configuration  of  Figure  1  as  the  beam 
energy  is  increasing  on  the  first  pass  and  decreasing  on 
the  second  pass  so  that  the  effective  strength  of  the 
quadrupoles  varies  by  the  energy  ratio  Ef.^,  /  Etaje„ion.  The 
limit  on  this  ratio  is  not  yet  known.  Simulation  suggests 
that  a  ratio  as  large  as  5  GeV  /  10  MeV  might  be  possible 
[17].  Recent  experimental  work  has  achieved  ratios  of  1 
GeV/ 20-50  MeV  [18]. 

The  overall  optics  of  the  ERL  also  plays  a  critical  role  in 
determining  the  threshold  current  for  the  multi  turn  beam 
breakup  instability  [6].  The  characteristic  behavior  of  the 
threshold  current  can  be  seen  if  one  assumes  a  single 
HOM  with  frequency  co,  initial  electron  momentum  po, 
HOM  shunt  impedance  &  quality  factor  (R/Q)  &  Q, 
recirculation  time  and  TRANSPORT  matrix  element 
R,2  [6,19,20], 

j  _ _ 2c^Po _ 

“'"e[R/Q]Qffi|R,jSin((OT,)|  ■ 

For  the  more  realistic  case  with  many  HOMs  distributed 
in  a  long  linac  a  numerical  solution  is  required  [19]. 

Wakefields 

Longitudinal  wakefields  can  modify  the  electron  bunch 
phase  space,  increase  the  energy  spread,  lead  to  heating  of 
machine  components  and  result  in  emittance  growth.  For 
effects  on  a  single  bunch,  such  as  the  coherent 
synchrotron  radiation  wakefield  (CSR),  it  is  the  peak 
current  that  is  of  concern,  while  in  the  case  of  component 
heating  the  average  current  also  plays  a  role.  The  multicell 
linac  wake  and  CSR  are  “unavoidable”  as  the  beam  must 
be  accelerated  and  bent  in  the  arcs  to  be  returned  for 
deceleration.  The  resistive  wall  and  surface  roughness 
wakes  must  be  accounted  for  in  insertion  devices, 
particularly  small  gap  devices. 

FEL  ERLS 

Oscillator  FELs 

FELs  operating  in  an  oscillator  configuration  have  long 
been  the  workhorses  of  FEL  user  facilities  based  on  both 
linacs  or  storage  rings.  While  the  storage  based  FELs  are 
limited  by  the  quality  of  the  “captive  electron  beam”,  the 
linac  based  devices  have  the  advantage  of  replenishing  the 
electron  beam  on  each  pulse.  In  either  case,  only  a  few 
percent  of  the  electron  energy  is  converted  to  photons. 

The  “ERL  twist”  allows  for: 

■  an  overall  improvement  in  the  wall  plug  efficiency, 

■  a  tremendous  increase  in  the  average  electron 
current  and  hence  the  FEL  power, 

■  reduced  activation  in  the  beam  dump. 

At  present  there  are  two  operating  FEL  oscillator  ERLs 
based  on  SC  linacs,  one  at  TJNAF  [1]  and  the  other  at 
JAERI  [2].  There  is  also  an  FEL  ERL  at  BINP  which 


makes  uses  of  room  temperature  RF  cavities  and  has 
started  operation  in  single  pass  mode  but  has  plans  for  an 
8  turn  racetrack  configuration  [21].  The  TJNAF  machine 
is  the  most  developed  of  the  three,  having  achieved  an 
average  power  of  2  kW  at  X  =  3  nm  Operating  in  ERL 
mode  in  2000.  A  summary  of  the  parameters  of  these 
ERLs,  and  their  proposed  upgrades,  is  given  in  Table  2. 


Table  2:  Operating  Oscillator  FELs  (I)  &  Upgrades  (II) 


Parameter 

TJNAF 

I 

TJNAF 

n 

JAERI 

mi 

BINP  mi 

EIMeV] 

48 

160 

17 

14/100 

lave 

5 

10 

5/40 

4/50 

Q/bunch 

[pC] 

65 

130 

500/ 

1000 

700 

Cn  l|im] 

15 

10 

30 

20 

Rep  Rate 
[MHz] 

75 

75 

10 

5.6-22.5 

Duty  Cycle 

100 

100 

1/100 

100 

PfelIKW] 

2 

10/4 

2.3/10 

-/1 00 

Xfel  [pm] 

3-6 

3/0.5 

22 

150 

In  addition  to  the  operating  oscillator  FELs,  the  4GLS 
proposal  from  the  Daresbury  Laboratory  includes  both  IR 
and  VUV  oscillator  FELs  in  a  600  MeV  SC  linac  based 
ERL  [22].  An  R&D  program  leading  up  to  the  4GLS 
received  governmental  approval  in  April  2003. 

High  Gain  FELs 

FELs  operating  in  the  IR  or  UV  can  make  use  of 
mirrors  to  provide  feedback  in  a  “low  gain”  oscillator 
configuration.  For  soft  or  hard  x-ray  FELs  mirrors  are  not 
available  necessitating  a  high  gain  FEL  scenario,  either  a 
Self  Amplified  Spontaneous  Emission  (SASE)  or  a  seeded 
scheme  such  as  High  Gain  Harmonic  Generation 
(HGHG).  There  are  several  ERL  proposals  which  include 
high  gain  FELs: 

■  LANL  has  proposed  a  SASE  FEL  with  a  tapered 
wiggler  and  a  room  temperature  linac  [23], 

■  4GLS  proposes  a  SASE  XUV  FEL  [22], 

■  LUX  includes  soft  x-ray  HGHG  FELs  with  an 
option  for  energy  recovery  [24], 

■  an  HGHG  FEL  was  studied  as  part  of  a  racetrack 
microtron  injector  for  MAX  IV  [25], 

■  BESSY’s  soft  x-ray  FEL  proposal  mentions  an 
option  for  energy  recovery  [26]. 

While  the  virtues  of  energy  recovery  for  high  average 
power  oscillator  FELs  has  already  been  proven,  the  need 
for  energy  recovery  is  less  clear  for  high  gain  FELs,  a 
notion  supported  by  the  fact  that  neither  the  LCLS  nor  the 
XFEL  incorporates  it.  It  remains  to  be  seen  what  rep  rate 
is  optimal  for  these  devices  which  will  determine  if 
energy  recovery  is  worth  the  additional  expense.  If  the 
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sample  is  destroyed  on  a  single  shot  from  the  extreme 
peak  power  in  a  pulse,  there’s  no  need  for  a  MHz  rep  rate! 

SYNCHROTRON  LIGHT  ERLS 

The  Holy  Grail  in  a  synchrotron  light  source  is  to  produce 
a  high  brightness  photon  beam  using  a  diffraction  limited 
electron  beam.  The  on  axis  average  brightness  for  an 
xmdulator  source  is  given  approximately  as, 

B  ^ ^  (5) 

87ie|e^©^j|£^©^j  ffl  ’ 

where  the  larger  of  8  or  X,  /2  is  chosen  in  each  bracket  of 
the  denominator.  A  diffraction  limited  source  is  defined  as 
8  =  X/2;  there  is  little  gained  by  reducing  the  electron 
emittance  beyond  the  light  emittance  ( X  /2). 

For  12  keV  x-rays  (1  A),  a  diffraction  limited  electron 
beam  should  have  8-8  pico-meter!  This  is  more  than  2 
orders  of  magnitude  smaller  than  the  typical  horizontal 
emittance  in  present  day  storage  rings  (1-5  run);  the 
vertical  emittance  in  a  third  generation  ring  can  be  pushed 
to  the  diffraction  limit  at  the  expense  of  beam  lifetime. 

The  potential  promises  of  an  ERL  based  light  source  are: 

■  diffraction  limited  round  electron  beams  (8,  =  8y) 
from  photoinjectors  or  nanotips, 

■  very  long  insertion  devices  in  the  return  arcs, 

■  energy  recovery  will  permit  large  circulating 
currents  and  hence  high  fluxes, 

■  “top-off’  operation, 

■  bunch  compression  will  provide  sub  picosecond 
electron  bunches, 

■  reduced  electron  energy  spread, 

■  variable  pulse  formats  for  timing  experiments. 
Attracted  by  the  above  possibilities,  several  facilities  are 

developing  conceptual  designs  for  an  ERL  light  source. 
The  novel  MARS  concept  introduced  by  the  BfNP  team  in 
1998  has  been  followed  by  at  least  five  other  ERL  based 
light  source  proposals  which  emphasize  different  subsets 
of  the  aforementioned  ERL  promises.  Table  3  lists  these 
ERL  proposals  &  their  anticipated  brightness. 


Table  3:  Conceptual  Synchrotron  Light  Source  ERLs 


Item 

Cornell 

[27] 

ERL 

SYN 

[28] 

KEK 

[29] 

LXDC 

[24] 

PERL 

[30] 

MARS 

[3] 

E 

[GeV] 

5-6 

3.5 

2.5-5 

2.5-3 

3 

5.4 

lave 

[ma] 

100 

100 

100 

- 

200 

1 

Save 

[10^^] 

1 

6 

3 

- 

0.1 

30 

The  machines  in  table  3  all  emphasize  the  production  of 
hard  x-rays  using  multi  GeV  electron  beams  and  they  can 
roughly  be  group  into  three  categories: 


MARS  emphasizes  diffraction  limited  electron  beams 
with  very  long  undulators  to  generate  high  brightness 


photon  beams  with  a  narrow  line  width,  but  at  the 
expense  of  photon  flux  since  1=1  ma, 

■  Cornell,  ERL  SYN,  KEK  and  PERL  consider  large 
circulating  currents  I  -  100  ma  to  satisfy  the  flux 
users  while  preserving  the  option  to  trade  off  current 
to  reduce  the  beam  emittance  and  boost  brightness, 

■  LUX  as  presently  proposed  is  a  recirculating  machine 
which  has  energy  recovery  as  an  option;  it  includes 
both  HGHG  FELs  and  a  novel  scheme  of  “photon 
compression”  to  generate  tunable,  sub  100  fs  pulses 
by  spontaneous  emission  in  undulators  [31]. 

It  should  be  noted  that  none  of  the  machines  under 
discussion  here  are  actually  in  the  construction  phase  as 
each  faces  R&D  challenges  before  a  full  fledged  multi 
GeV  ERL  based  light  source  facility  can  be  realized.  True 
to  form  for  an  evolving  technology,  several  paths  forward 
are  under  consideration: 

■  the  Cornell  [32]  &  KEK  teams  have  proposed  low 
energy  (100-300  MeV),  high  current  (100  ma) 
prototype  machines  before  embarking  on  a  multi  GeV 
facility, 

■  PERL  [33]  &  ERL  SYN  [34]  have  suggested  a  staged 
approach  whereby  a  multi  GeV  machine  is  initially 
operated  as  a  storage  ring,  and  later  upgraded  to  an 
ERL  as  the  technology  matures, 

■  to  reduce  the  duty  cycle  on  the  Injector  and  the  linac 
it  has  been  suggested  that  electrons  could  circulate 
for  a  small  fraction  of  a  damping  time  (~  100  turns) 
in  an  “circulator  ring”  before  deceleration  in  the  linac 
[35,36]. 

An  important  first  step  toward  the  realization  of  a  high 
energy  ERL  was  taken  recently  at  TJNAF  when  the 
CEBAF  machine  was  operated  in  energy  recovery  mode 
with  85  pA.  The  50  MeV  injected  beam  was  accelerated 
up  to  1  GeV  and  back  in  two  complete  passes  [18]. 

OTHER  ERL  PROPOSALS 

For  completeness  it  should  be  noted  that  ERLs  are  also 
being  considered  for  purposes  other  than  light  sources; 
there  are  at  least  two  proposals  related  to  nuclear  physics: 

■  Electron  cooling  of  heavy  ions  in  RHIC  [37], 

■  Electron-Light  Ion  Collider  [38]. 

In  the  first  case  a  low  energy  (E  =  54  Me'V),  high 
current  electron  beam  (I  =  300  ma  =  10  nC  x  28  MHz)  in 
an  ERL  interacts  with  the  heavy  ions  in  the  RHIC  collider 
to  “cool”  the  ions.  The  electron  cooling  combats  the 
“heating”  of  the  ions  by  intrabeam  scattering  and  thereby 
increasing  the  integrated  luminosity  of  RHIC  by  nearly  an 
order  of  magnitude.  An  R&D  program  to  develop  the  704 
MHz  SC  linac  and  the  high  precision  cooling  solenoid  has 
recently  begun  at  BNL. 

In  the  second  proposal,  known  as  ELIC,  a  high  energy 
electron  beam  (E  =  5  GeV),  obtained  from  operating  the 
CEBAF  recirculating  linac  in  energy  recovery  mode,  is 
made  to  collide  with  a  new  source  of  50-100  GeV  light 
ions  for  nuclear  physics  experiments. 
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Preliminary  consideration  has  also  been  given  to 
colliding  10  GeV  polarized  electrons  in  an  ERL  with  the 
gold  ions  in  RHIC  [39], 

SUMMARY  &  FUTURE  OUTLOOK 

The  operating  PEL  oscillator  ERLs  stand  as  brilliant 
proof-of-principle  experiments  which  demonstrate  many 
important  ERL  fundamentals  such  as: 

■  CW  average  currents  of  5  ma  at  15-50  MeV, 

■  High  rep  rate  photoinjectors:  up  to  75  MHz  with 
normalized  emittance  En  ~  10-30  pm, 

■  High  efficiency  energy  recovery  (ti  >  99%), 

■  Preservation  of  electron  beam  quality  in  the  arcs, 

■  Longitudinal  phase  space  manipulation  for  sub¬ 
picosecond  electron  bunch  compression, 

*  High  average  power  photons  (P  >2  kW). 

These  pioneering  experiments  have  laid  a  firm 
foundation  for  ERL  based  technology  and  provide  the 
impetus  to  pursue  the  R&D  necessary  to  realize  the  next 
generation  of  proposed  ERLs  which  will  require: 

■  high  brightness  (e^  <  1  pm)  CW  electron  sources 
capable  of  high  average  currents  (I  ~  100  ma), 

■  long  lifetime  cathode  materials  and  robust  laser 
sources  for  CW  photoinjectors, 

■  optimization  of  SC  RF  frequency,  number  of 
cells  per  cavity,  gradient  and  HOM  extraction, 

■  control  of  the  electron  beam  halo, 

■  shorter  photon  and  electron  pulses  (t  <  1 00  fs), 

•  beam  stability  and  feedback  systems  to  transform 
ERLs  into  state  of  the  art  user  facilities. 

The  next  decade  should  be  an  exciting  one  for  ERL 
development  as  existing  machines  will  be  upgraded  to 
yield  even  higher  performance,  critical  R&D  issues  will 
be  explored  and  some  new  proposals  will  likely  begin 
construction. 
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Abstract 

FEL  Oscillators  have  been  around  since  1977  providing 
not  only  a  test  bed  for  the  physics  of  Free  Electron  Lasers 
and  electron/photon  interactions  but  as  a  workhorse  of 
scientific  research.  More  than  30  FEL  oscillators  are 
presently  operating  around  the  world  spanning  a 
wavelength  range  from  the  mm  region  to  the  ultraviolet 
using  DC  and  rf  linear  accelerators  and  storage  rings  as 
electron  sources.  The  characteristics  that  have  driven  the 
development  of  these  sources  are  the  desire  for  high  peak 
and  average  power,  high  micropulse  energies,  wavelength 
tunability,  timing  flexibility,  and  wavelengths  that  are 
unavailable  from  more  conventional  laser  sources. 
Substantial  user  programs  have  been  performed  using 
such  sources  encompassing  medicine,  biology,  solid  state 
research,  atomic  and  molecular  physics,  effects  of  non¬ 
linear  fields,  surface  science,  polymer  science,  pulsed 
laser  vapor  deposition,  to  name  just  a  few.  Recently  the 
incorporation  of  energy  recoveiy  systems  has  permitted 
extension  of  the  average  power  capabilities  to  the  kW 
level  and  beyond.  Moreover  the  use  of  collective- 
radiation  and  Thompson/Compton  scattering  has 
produced  substantial  fluxes  of  THz  radiation.  X-rays,  and 
gamma  rays.  This  paper  will  discuss  at  a  summary  level 
the  physics  of  such  devices,  survey  existing  and  planned 
facilities,  and  touch  on  the  applications  that  have  driven 
the  development  of  these  popular  light  sources. 

INTRODUCTION 

Like  other  lasers,  the  FEL  consists  of  a  gain  medium,  a 
means  to  put  energy  into  it,  a  means  for  dealing  with  the 
spent  energy,  and  an  optical  system  to  appropriately  direct 
the  photons  produced.  The  gain  medium  in  the  FEL  is  the 
electron  beam  produced  by  various  types  of  accelerator. 
Electron  accelerators  are  a  relatively  well-developed 
technology  and  the  engineering  involved  is  well  known; 
however,  the  FEL  puts  extreme  demands  on  the  quality  of 
the  electron  beam  and  care  must  be  taken  of  the  details  of 
accelerator  design.  Indeed,  the  feasibility  of  FEL  designs 
have  always  hinged  on  the  beam  brightness  produced  by 
the  accelerator.  The  output  of  the  FEL  also  mimics  to  a 
great  extent  the  temporal  characteristics  of  the  electron 
source  so  that  the  desired  radiation  characteristics 
influence  the  choice  of  accelerator  technology. 

In  wavelength  regions  where  mirror  technology  is 
robust,  FEL  oscillators  are  the  preferred  approach  because 
the  lower  gain  required  in  such  systems  relaxes  demands 
on  peak  current  and  electron  beam  quality.  Figure  1 
illustrates  the  components  of  such  a  FEL  oscillator. 
Oscillators  have  been  the  primary  approach  for  FELs 
operating  in  the  mm  wave  to  near  UV  range  for  25  years. 
A  large  number  are  in  operation  around  the  world  and 
they  have  been  highly  successful  as  scientific  instruments 


Figure  1:  The  mm  wave  FEL  oscillator  at  Tel  Aviv 
University  utilizes  a  wiggler  at  high  voltage  with  current 
recovery  of  the  electron  beam  for  CW  operation  at  high 
power.  Figure  courtesy  A.  Gover. 


for  users.  While  much  new  effort  in  the  FEL  commtmity 
is  focused  on  pushing  FEL  performance  to  operation  in 
the  VUV  and  X-ray  region  where  amplifiers  are  more 
appropriate,  FEL  oscillator  user  facilities  are  expected  to 
remain  a  major  factor  in  light  source  applications. 

ATTRIBUTES  OF  FEL  OSCILLATORS 

If  the  small  signal  gain  is  greater  than  the  round  trip 
losses  in  the  optical  cavity  then  the  signal  will  naturally 
grow  to  saturation.  For  stable  operation  and  to  extract 
significant  fractions  of  the  electron  beam  energy  it  is 
generally  desirable  to  have  the  small  signal  gain  exceed  3 
times  the  cavity  losses  including  outcoupling.  This  is  not 
a  severe  restriction  since  mirrors  can  be  fabricated  with 
less  than  1%  loss  from  the  IR  down  to  around  250  nm  in 
wavelength.  Thus  practical  FEL  designs  can  exist  where 
the  signal  pass  gain  is  only  a  few  percent  although  more 
gain  is  certainly  advisable.  Since  the  gain  can  be  so  low, 
injector  brightness  requirements  can  be  comparatively 
modest,  the  wiggler  can  be  short,  and  its  'tolerances 
modest.  Over  most  of  its  operating  range  the  FEL  output 
of  such  a  system  is  stable  and  low  noise.  Most  systems 
operate  with  a  Fourier  transform  limited  bandwidth.  If 
desired,  wavelength  selectivity  can  be  driven  by  the 
mirror  optical  coating  reflectivity.  Another  advantage  is 
that  the  optical  mode  produced  is  well-defined  by  the 
optical  cavity  and  the  spatial  filtering  provided  by  the 
small  gain  medium. 
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These  advantages  eome  at  a  price  though  even  beyond 
the  requirement  for  reflective  mirrors.  For  example,  in  an 
oscillator  the  FEL  determines  lasing  wavelength,  not  you. 
It  generally  stabilizes  at  the  point  of  maximum  net  gain  in 
the  system  although  there  are  exceptions  to  this  if  the 
maximum  saturated  gain  exists  in  a  frequency  “island” 
inaccessible  to  the  starting  oscillation  frequency.  Another 
disadvantage  is  that  the  accelerator  must  produce  a  stable 
pulse  train  of  electrons;  one  pulse  isn’t  enough.  The 
pulse  train  must  continue  long  enough  for  the  optical 
mode  to  grow  to  saturation. 

There  is  also  the  requirement  for  getting  useful  optical 
power  out  of  the  cavity;  either  a  partially  transparent 
mirror,  reflective  window,  or  grating  must  be  used,  or 
some  physical  method  to  out-couple  the  power  must  be 
employed,  e.g.,  a  hole  in  the  mirror  or  a  scraper.  And 
last,  but  not  least,  the  optical  resonator  cavity  length  and 
transverse  alignment  must  meet  stringent  stability 
requirements. 

Since  the  wavelength  range  desired  guides  one  toward  a 
particular  accelerator  approach  and  such  accelerator 
approach  determines  many  of  the  macroscopic 
characteristics  of  the  FEL  output  we  will  present  below  a 
set  of  examples  of  FEL  oscillators  arranged  by 
wavelength  starting  with  the  longest  wavelength  output 
and  moving  toward  the  UV.  A  more  complete  listing  of 
operational  FELs  can  be  found  in  the  atmual  proceedings 
of  the  International  Free  Electron  Laser  Conference  [1]. 

FIR  FEL  Oscillators 

At  wavelengths  ranging  from  millimeter  waves  to  the 
mid-infrared,  DC  accelerators  such  as  pulse  line 
accelerators  and  modulators  can  be  used  to  accelerate  the 
beam  from  a  either  a  thermionic  or  field  emission 
cathode.  Induction  linacs  have  been  used  at  these 
wavelengths  as  well.  At  these  longer  wavelengths,  the 
FEL  gain  can  be  very  high  and  very  high  peak  powers  can 
be  produced.  Typically  only  electrostatic  accelerators 
produce  beam  pulses  long  enough  for  oscillator  to  be 
practical.  DC  sources  also  have  the  potential  of 
producing  high  average  power  at  high  efficiencies  if  some 
means  of  recovering  the  beam  energy  or  current  such  as 
depressed  collectors  is  used. 

Electrostatic  accelerators  can,  in  principal,  produce  CW 
beams;  however,  in  order  to  do  so  it  is  necessary  to 
recycle  the  current  in  the  spent  beams  to  replenish  the 
charging  current.  In  practice,  CW  operation  requires  the 
recovery  of  better  than  99%  of  the  spent  current.  This  has 
been  done  at  high  efficiency  [2]  and  offers  the  promise  of 
achieving  CW  operation  [3].  An  alternative  is  to  produce 
the  beam  hear  ground  potential  and  have  the  wiggler  at 
high  positive  potential  and  then  recover  the  beam  at 
ground  again  (see  Figure  1).  Two  systems  are  under  test 
to  utilize  this  approach  to  produce  high  average  power  at 
130-250  GHz  for  heating  of  fusion  research  plasmas  [4,5] 
Operation  on  the  third  harmonic  has  yielded  30  micron 
output  with  modest  voltages  [6]. 


Near  IR  Oscillators 

Operation  at  wavelengths  from  the  near  infra-red  IR 
through  the  visible  requires  beam  energies  in  excess  of  10 
MeV.  For  these  applications,  the  most  commonly  used 
accelerator  is  a  conventional  copper  RF  linac.  Examples 
of  this  technology  are  the  S-band  (2856  MHz)  system  at 
Vanderbilt  University,  a  large  set  of  wigglers  on  the  FELI 
facility  at  Osaka  University,  the  FELIX  facility  at  FOM  in 
the  Netherlands,  and  many  others  around  the  world  using 
conventional  pulsed  linac  technology  with  injectors  that 
typically  produce  10  ps  macropulses  with  a  pulse 
repetition  frequencies  (PRF)  of  up  to  60  Hz. 

These  have  limited  duty  factors  due  to  ohmic  heating  in 
the  cavities  by  the  microwaves.  A  copper  machine  at 
Boeing  Aerospace  pushed  this  technology  to  its  fullest 
with  a  433  MHz  accelerator  that  is  capable  of  cw 
operation  and  has  demonstrated  a  25%  duty  factor.  Nearly 
130  ma  of  high  quality  macropulse  current  was  produced 
at  over  1  nanocoulomb  per  bunch  [7]. 

Highly  successful  user  facilities  have  been  constructed 
at  Osaka  University  (FELI)[8],  FOM  (FELIX)[9],  Science 
University  of  Tokyo  (FEL-SUT)[10],  and  Vanderbilt[l  1]. 

FELI 

An  example  of  the  success  that  can  be  achieved  with 
very  high  energy  copper  linacs  is  the  lasing  at  278  nm 
achieved  from  the  165  MeV  linac  at  FELI  in  Japan  [8]. 
Wigglers  in  this  facility  have  operated  at  wavelengths 
from  80  to  0.28  microns.  The  laser  produced  1.5  mJ/pulse 
in  24  ps  macropulses  at  20  Hz  PRF.  The  lasing  achieved 
here  is  the  shortest  oscillator  wavelength  to  date  on  a 
linac-driven  system.  Among  the  extensive  studies  carried 
out  at  the  FELI  facility  in  Japan  are  resonant  excitations 
of  molecular  vibrations  [12],  band  discontinuities  of 
semiconductor  heterojunctions  [13],  and  isotope 
separation  [14].  The  tunability,  power,  and  pulse 
variability  of  the  FEL  has  made  it  an  efficient  biophysical 
research  tool  [15]. 

FELIX 

Arguably  the  most  productive  IR  User  facility  in  the 
world  is  the  FELIX  facility  at  FOM  in  the  Netherlands. 
There  are  two  lasers  on  the  system  which  have  been 
extensively  used  for  studies  in  solid  state  dynamics, 
atomic  clusters,  and  magnetic  materials.  Felix  offers 
lasing  from  16-250  um  or  4-30  um  from  two  FELs  at  10 
Hz  with  100  mJ  produced  per  macropulse.  The  machine 
is  stable  enough  that  the  users  typically  operate  the 
machine  themselves.  A  particular  success  of  the  facility 
is  in  incorporating  a  number  of  enhancements  to  the  use 
of  photons  such  as  synchronized  pulse  slicing  of 
individual  micropulses  as  well  as  other  synchronized 
lasers.  A  substantial  set  of  publications  can  be  reviewed 
from  their  web  site  [16].  One  particularly  interesting 
result  has  been  the  identification  of  titanium  carbide  as  a 
constituent  of  interstellar  plasmas.  An  upgrade  presently 
in  construction  will  permit  intracavity  tests  at  an  internal 
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focus.  The  high  fields  produced  will  permit  the  study  of  a 
number  of  non-linear  phenomena. 


Jefferson  Lab  FEL 

An  alternate  to  copper  accelerator  technology  capable  of 
CW  or  long  macropulses  is  the  superconducting  RF  linac 
structure  (SRF)  typified  by  the  Continuous  Electron  Beam 
Accelerator  (CEBA)  at  Thomas  Jefferson  National 
Accelerator  Facility  which  produces  4  GeV  electron 
beams  for  nuclear  physics  research  using  1497  MHz 
cavities  operated  at  2K.  Ohmic  losses  are  reduced  to 
negligible  levels  with  the  SRF  structures  (6  W/cavity  at 
typical  gradients)  while  maintaining  high  acceleration 
gradients  (5  to  18  MV/m). 

The  IR  Demo  was  completed  in  September  1998.  The 
injector  is  the  critical  technology  for  operation  of  systems 
such  as  this;  it  must  produce  high  average  currents  at  high 
brightness.  This  system  utilizes  a  DC  photocathode 
operating  at  320  kV  to  produce  a  74.85  MHz  pulse  train 
of  60  pC.  This  gun  produces  the  highest  average 
brightness  of  any  injector  gun  in  the  world  and  delivered 
in  excess  of  5.3  kilocoulombs  from  a  single  GaAs  crystal 
at  1%  quantum  efficiency  operating  in  the  green  from  a 
doubled  Nd:YLF  laser  beam.  The  IR  Demo  beam  was 
accelerated  to  between  36  and  48  MeV  and  produced  over 
2  kW  of  CW  average  power[17].  In  addition,  the  system 
produced  4  watts  of  power  lasing  on  the  fifth  harmonic  at 
1  micron.  Third  harmonic  operation  at  1  micron  achieved 
300  W  CW  [18]  and,  even  beyond  this,  conversion  to  > 
60  W  of  green  and  >  10  W  of  UV  at  high  efficiency  in 
doubling,  tripling  and  quadrupling  crystals.  Up  to  10* 
photons/sec  of  Thompson  scattered  X-rays  in  the  5  to  15 
keV  range  are  produced  when  the  FEL  pulse  scatters  off 
subsequent  electron  bunches.  The  system  also 
synchronously  produces  >10“'  more  THz  power  (50  W)  in 
sub-picosecond  pulses  than  any  other  source  [19]. 


Figure  2;  The  Jefferson  Lab  IR  Upgrade  FEL 
oscillators  utilize  energy  recovery  of  the  spent 
electron  beam  for  high  efficiency  and  CW  operation. 
Output  ports  will  provide  user  light  at  a  number  of 
wavelengths  ranging  from  X-rays  down  to  terahertz. 
This  is  the  highest  average  power  tunable  laser  in  the 
world. 


An  Upgrade  of  the  system  now  in  commissioning  will 
produce  continuously  over  10  kW  in  the  IR  from  1  to  14 
microns  and  over  1  kW  in  the  250  to  1000  nm  range 
(Figure  2).  The  system  uses  energy  recovery  of  the  beam 
as  demonstrated  in  the  IR  DEMO  to  reduce  required  rf 
power,  virtually  eliminate  aetivation  of  components,  and 
reduce  power  handling  requirements  on  the  dump.  The 
machine  will  deliver  beams  of  high  power  THz,  IR,  and 
UV  to  a  set  of  User  Labs  for  scientific  and  applied 
studies.  Such  studies  on  the  IR  Demo  have  already  been 
extremely  successfiil  in  exploring  vibrational  dynamics  of 
interstitial  hydrogen  in  crystalline  silicon,  carbon 
nanotubes,  and  pulsed  laser  deposition  [20,  21].  Future 
applications  will  include  those  as  well  as  microengineered 
structures,  non-linear  dynamics  in  atomic  clusters,  and 
metal  amorphization.  This  machine  is  viewed  as  the  first 
of  a  new  category  of  high  power,  high  brightness  light 
sources  called  Energy  Recovering  Linacs  (ERLs)  with  the 
potential  to  extend  beyond  the  performance  of  third 
generation  synchrotrons  in  both  brilliances  as  well  as 
offering  the  capability  of  femtosecond  light  pulses  for 
dynamics  studies.  [22-24]  (See  Figure  3). 

A  similar  energy  recovery  effort  for  high  power 
generation  is  underway  at  the  Japan  Atomic  Energy 
Research  Institute  (JAERI)[25,26]. 

Stanford  Superconducting  Accelerator  FELs 

The  original  FEL  oscillator  work  was  performed  on  the 
pioneering  Stanford  Superconducting  Accelerator  [27] 
and  since  that  time  the  facility  has  been  a  center  for 
research  into  FELs  and  their  application  [28,29].  The 
focus  of  the  facility  over  the  last  decade  has  been  the 
utilization  of  the  FEL  with  a  wide  range  of  other  laser 
sources  to  perform  materials  research  with  picosecond 
pulses.  At  present  two  FELs  are  installed  on  the  linac 
which  is  undergoing  an  upgrade  of  the  accelerator 
structures.  The  FIR  FEL  produces  1  W  of  15  -  85  micron 
light  from  a  tunable  25  period  electromagnetic  wiggler. 


Figure  3;  The  Proposed  4GLS  System  at  Daresbury 
Laboratory  (for  "Fourth  Generation  Light  Source"). 
The  Facility  will  consist  of  several  FELs  and  an 
Energy  Recovering  Linac  with  a  SASE  FEL 
capability.  Figure  courtesy  E.  Seddon. 
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The  MIR  system  produces  2  W  in  the  3  - 15  micron  range 
from  a  12.68m  optical  cavity  around  a  72  period  hybrid 
wiggler  of  3 1  mm  wavelength.  The  FELs  can  be  made  to 
lase  on  alternating  macropulses  with  essentially 
independent  control  of  the  optical  output.  Key  studies  at 
Stanford  include  second  order  nonlinear  susceptibility  of 
the  conduction  band  and  valence  band  quantum  well 
(QW)  structures  extracted  from  the  interference  between 
second  harmonic  fields  of  QWs  and  GaAs  substrate  as 
determined  by  the  azimuthal  dependence  of  the  second 
harmonic  power.  This  was  the  first  demonstration  of 
difference  frequency  generation  of  mid-IR  in  any  QW 
[30].  Groups  at  Stanford  also  studied  vibrational 
d^amics  in  glass  forming  liquids.  These  were  the  first 
vibrational  photon  echo  experiments  and  first 
comprehensive  temperature  dependent  pump  probe 
measurements  on  any  condensed  matter  system  [31]. 

In  Dresden,  construction  of  a  superconducting  FEE 
called  ELBE  is  proceeding  along  the  same  lines[32]. 

UV  FEL  OSCILLATORS 

In  addition  to  UV  oscillators  on  linac  based  systems 
such  as  FELI,  the  JLab  Upgrade,  and  the  proposed  4GLS, 
storage  rings  can  be  a  cost  effective  alternative  to 
producing  the  energies  of  up  to  a  few  GeV  for  operation 
at  wavelengths  in  the  ultraviolet  spectrum  [33].  The  gain 
of  the  FEL  drops  inversely  with  the  energy  and  mirror 
technology  becomes  increasingly  difficult  below  250  nm 
so  that  at  some  point  oscillators  become  non-viable.  The 
time  to  damp  the  energy  spread  introduced  in  the  beam 
limits  the  average  power  that  can  be  produced  [34], 
although  typically  ring  based  FELs  can  operate  in  either  a 
CW  mode  or  as  a  high  pulse  power  “Q-switched”  mode 
where  lasing  undergoes  a  relaxation  oscillation  by 
damping  between  high  power  pulses. 

Duke  UV  Ring 

^  example  of  such  a  storage  ring  system  is  at  Duke 
University  [35].  The  ring  has  a  circumference  of  107.46m 


and  provisions  for  two  straight  sections,  and  an  energy 
range  of  0.25  to  1.2  GeV.  The  machine  can  accommodate 
average  currents  of  up  to  115  mA.  The  OK4  wiggler 
system  lased  successfully  at  345  nm  beginning  in 
December  1996  producing  150  mW  and  small  signal 
gains  of  nearly  10%.  This  system  has  since  lased  at 
wavelengths  as  short  as  193  nm.  This  system  also 
demonstrated  Compton  scattering  of  the  FEL  light  to 
produce  gamma  rays  at  up  to  250  MeV  which  are  used  for 
fundamental  nuclear  physics  research  (Figure  4).  While 
other  lasers  can  be  used  for  Compton  scattering,  the 
natural  synchronism  and  physical  overlap  between  the 
electron  beam  and  light  produced  in  the  FEL  is  a  major 
advantage  for  using  the  FEL  light  itself.  Other  FEL 
storage  rings  have  also  achieved  notable  success;  VEPP3 
[36],  Super-ACO  [37],  UVSOR  [38],  and  NIJI-IV  [39] 
andELETTRA[40]. 

SUMMARY 

The  discussion  above  illustrates  the  breadth  of  FEL 
oscillators’  capabilities.  These  facilities  continue  to  grow 
and  produce  increasing  capabilities  for  basic  and  applied 
studies  in  biological,  solid  state,  atomic  and  molecular 
physics.  The  wavelength  ranges  over  which  oscillators 
are  the  optimal  approach  include  the  rich  area  of 
vibrational  and  phonon  activity  of  solids.  Over  much  of 
the  operational  range  of  these  devices  no  other  system 
offers  the  pulse  energy,  or  tuning  bandwidth  that  FELs 
permit.  It  is  expected  that  FEL  oscillators  will  continue 
to  be  productive  research  tools  for  many  years  to  come. 

As  shown  especially  in  facilities  such  as  FELIX  and  the 
Stanford  FELs,  manipulations  of  the  optical  beam  such  as 
noise  eaters,  cavity  dumping,  loss  modulation,  cavity 
length  modulation,  intensity  mapping,  mode  selection, 
mode  locking,  spectral  filtering  etc.,  can  provide 
substantial  enhancements  for  user  experiments  and  need 
toher  development.  These  are  all  pretty  well  established 
in  conventional  lasers  but  still  largely  undeveloped  in 
FELs  to  the  same  level  seen  in  conventional  lasers. 
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Figure  4:  Setup  of  the  DUKE  OK-4  Compton  gamma  ray  source.  Figure  courtesy  V.  Litvinenko 
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Abstract 

We  present  an  updated  design  for  a  proposed  source  of 
ultra-fast  synchrotron  radiation  pulses  based  on  a 
reeirculating  superconducting  linac  [1,2],  in  particular  the 
ineorporation  of  EUV  and  soft  x-ray  production.  The 
project  has  been  named  LUX  -  Linac-based  Ultrafast  X-iay 
facility.  The  source  produces  intense  x-ray  pulses  with 
duration  of  10-100  fs  at  a  10  kHz  repetition  rate,  with 
synchronization  of  lO’s  fs,  optimized  for  the  study  of 
ultra-fast  dynamics.  The  photon  range  covers  the  EUV  to 
hard  x-ray  spectrum  by  use  of  seeded  harmonic  generation 
in  undulators,  and  a  speeialized  technique  for  ultra-short- 
pulse  photon  production  in  the  T-10  keV  range.  High¬ 
brightness  rf  photocathodes  produce  electron  bunches 
which  are  optimized  either  for  coherent  emission  in  ftee- 
electron  lasers,  or  to  provide  a  large  x/y  emittance  ration 
and  small  vertical  emittance  which  allows  for 
manipulation  to  produce  short-pulse  hard  x-rays.  An 
injector  linac  accelerates  the  beam  to  120  MeV,  and  is 
followed  by  four  passes  through  a  600-720  MeV 
recirculating  linac.  We  outline  the  major  technical 
components  of  the  proposed  facility. 

OVERVIEW 

A  recirculating  linac  accelerates  2  ps  electron  bunches 
to  2.5-3  GeV,  where  the  bunches  radiate  in  multiple 
insertion  devices.  Intense  soft  x-rays  are  produced  by 
cascaded  hannonic  generation  scheme,  similar  to  high-gain 
harmonic-generation  (HGHG)  -  a  laser-seeded  process  in  a 
cascaded  series  of  undulators,  resulting  in  enhanced 
radiation  at  selected  harmonics  of  the  seed  [3,4].  The 
coherent  soft  x-rays  can  be  tuned  over  a  range  of  tens  of 
eV  to  1  keV,  and  ultrashort  seed  laser  pulses  produce  pulse 
durations  of  10-200  fs.  Hard  x-rays  are  produced  by 
spontaneous  emission  of  the  electrons  in  narrow-gap, 
short-period  undulators.  By  use  of  a  novel  bunch  tilting 
process  followed  by  optical  compression,  hard  x-ray  pulse 
durations  of  50-100  fs  are  obtained  over  a  range  of  1-10 
keV  [1,5].  Synchronization  of  the  x-rays  with  lasers  is 
critical  for  experiments,  and  optical  pulses  initiate  both 
cascaded  harmonic  generation  seed  lasers  and  experimental 
end  station  amplifiers  for  precise  timing  [1,6].  The 
femtosecond  x-rays  are  produced  at  a  10  kHz  repetition 
rate,  with  variable  polarization,  and  with  peak  fluxes 
comparable  to  third  generation  light  sources.  Thus,  the 


Hard  x-ray  production  in  narrow-gap 
short-period  insertion  devices 


Figure  1.  Machine  layout.  The  beams  generated  at  the  if 
photocathode  guns  travel  through  the  injector  linac,  main 
linac,  transport  arcs,  deflecting  cavities,  and  either  hard  x- 
ray  production  section  or  a  cascaded  harmonic  generation 
section,  to  the  beam  dump.  Machine  footprint  is 
approximately  150x50  m. 

proposed  LUX  facility  would  provide  stable,  synchronized, 
tunable,  ultrafast  x-ray  pulses  to  multiple  beamlines 
operating  simultaneously  over  a  broad  range  of  x-ray 
wavelengths. 

ACCELERATOR  DESIGN 

Electron  pulses  are  produced  at  a  rate  of  10  kHz  in  high¬ 
brightness  rf  photocathode  guns  [7,8].  Two  sources  are 
used  -  one  with  a  conventional  circular  cross-section  beam 
optimized  for  production  of  high-brightness  EUV  and  soft 
x-ray  radiation  in  the  harmonic  generation  scheme,  the 
other  with  a  flattened  cross-section  beam  for  production  of 
hard  x-rays  [8].  The  beam  quality  requirements  of  the  if 
photocathode  guns  are  already  demonstrated,  with 
normalized  emittance  of  approximately  3  mm-mrad  at  1 
nC  charge,  although  higher  repetition  rates  have  not  been 
addressed  to  date.  Conventionally,  rf  photocathode  guns 
employ  a  simple  right-circular  geometry  or  "pillbox" 
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shaped  cavities,  and  operate  over  10-100  Hz  pulse 
repetition  rate.  The  cathode  is  mounted  on  the  cavity  axis 
and  electrons  are  rapidly  accelerated  by  the  rf  electric  fields, 
minimizing  space-charge  effects  in  the  low-energy  beam. 
For  high  duty  cycle  operation,  thermal  limitations  prevent 
such  designs  from  operating  at  an  electric  field  sufficiently 
high  to  produce  good  beam  emittance.  For  the  LUX 
facility  we  have  produced  a  conceptual  design  optimized 
for  operation  at  high  gradient  and  high  repetition  rate,  and 
producing  low-emittance  bunches.  This  design 
incorporates  features  that  increase  cavity  surface  area  to 
reduce  deposited  power  density  and  enhance  the 
accelerating  electric  field  at  the  cathode  (82  W/cm^ 
maximum  power  density  for  64  MV/m  at  the  cathode)  [7]. 

Application  of  a  solenoidal  magnetic  field  on  the 
cathode  of  the  flat-beam  gun,  followed  by  a  specially 
configured  skew-quadrupole  channel  located  after  the 
injector-linac,  allows  production  of  a  “flat”  beam  with  x/y 
emittance  ratio  50/1  and  small  vertical  normalized 
emittance  of  0.4  mm-mrad  [8,9].  This  technique  has  been 
successfully  demonstrated  at  Fermilab,  with  properties 
close  to  LUX  design  parameters  [10]. 

Following  the  injector  linac,  a  third-harmonic  cavity  is 
used  to  linearize  the  correlated  energy  spread  introduced  in 
the  injector  linac,  and  to  manipulate  the  longitudinal 
phase-space  in  preparation  for  bunch  compression.  The 
beam  is  then  transported  to  the  entrance  of  the 
recirculating  linear  accelerator.  In  the  transport  line  from 
injector  linac  to  main  linac,  the  bunches  are  compressed 
from  20  ps  to  2  ps,  with  a  final  energy  spread  of  ±200 
keV.  This  transport  line  is  carefully  designed  to 
compensate  for  the  effects  of  coherent  synchrotron 
radiation  at  the  shorter  bunch  lengths  [11]. 

In  the  recirculating  linac  the  maximum  energy  of  3 
GeV  is  achieved  after  four  passes  through  the  720  MeV 
superconducting  rf  structure,  or  2.5  GeV  with  the  main 
linac  operating  at  600  MeV.  Identical  cryomodules 
containing  multiple  accelerating  cavities  are  used  for  the 
main  linac  and  the  injector  linac.  The  superconducting 
linacs  have  advantages  in  providing  a  compact  and 
efficient  accelerator,  extremely  stable  rf  fields,  and 
inherently  small  perturbative  effects  on  the  beam. 
Significant  advances  have  been  made  in  superconducting  rf 
technology  in  recent  years,  and  the  parameters  of  the 
proven  TESLA  superconducting  rf  systems  developed  at 
DESY  have  been  used  in  LUX  design  studies  [12]. 
Planned  upgrades  for  the  CEBAF  facility  at  TJNAF  also 
meet  the  requirements  for  the  LUX  linacs  [13].  Our  design 
is  for  an  accelerating  gradient  of  up  to  20  MV/m  in  the 
main  linac.  The  electron  bunch  repetition  interval  in  LUX 
is  less  than  the  superconducting  cavity  filling  time,  and 
the  linacs  are  more  efficiently  operated  in  cw  mode. 
Engineering  modifications  to  existing  cryomodule  designs 
required  to  accommodate  significantly  increased  thermal 
load  in  the  liquid  helium  are  described  in  [1]. 

The  flexibility  of  the  LUX  lattice  design  allows  control 
and  preservation  of  electron  beam  transverse  and 


longitudinal  emittances,  minimizing  the  influence  of 
collective  effects  [11,14].  Longitudinal  and  transverse 
dynamics  have  been  modeled  from  the  RF  gun  through  the 
injector  linac  and  all  passes  of  the  main  linac.  In  the 
injector,  a  harmonic  cavity  will  be  used  to  control  the 
longitudinal  phase-space  following  the  injector  linac  [11]. 
The  bunch  length  and  magnet  bend  angle  in  the  lowest 
energy  arcs  of  the  machine  result  in  a  regime  in  which 
coherent  synchrotron  radiation  emission  could  be  expected, 
and  the  vacuum  chamber  geometry  is  designed  to 
minimize  this  effect  by  shielding  against  lower-frequency 
radiation  [15].  The  recirculating  ring  arcs  are  achromatic 
and  isochronous  to  preserve  beam  quality.  Our  studies 
include  particle  tracking  with  cavity  Wakefields,  resistive 
wall  impedance,  magnet  errors  and  misalignments,  and 
show  only  modest  emittance  growth,  with  negligible 
impact  on  machine  performance.  The  lattice  is  designed  to 
allow  manipulation  of  the  bunch  phase  space  on  each  pass 
if  required,  and  also  to  accommodate  bunch  rates  greater 
than  the  10  kHz  baseline  design. 

LUX  will  have  the  capacity  for  energy  recovery  in  the 
linacs.  However,  for  the  baseline  beam  power  of  a  few 
tens  of  kW,  the  beam  will  be  taken  directly  to  a  shielded 
dump  following  the  x-ray  production  sections. 

At  the  exit  of  the  final  arc  the  flat-beam  electron 
bunches  receive  a  time-correlated  vertical  kick  in  a  dipole¬ 
mode  RF  cavity.  This  imparts  to  the  electron  bunch  a 
transverse  momentum  that  is  correlated  in  amplitude  to 
longitudinal  position  within  the  bunch.  The  electrons  then 
radiate  x-rays  in  the  downstream  chain  of  undulators  and 
dipole  magnets,  imprinting  this  correlation  in  the 
geometrical  distribution  of  the  x-ray  pulse.  The  correlated 
x-ray  pulse  is  then  compressed  to  lO’s  fs  duration  by  use 
of  asymmetrically  cut  crystal  optics.  The  bunch  deflecting 
technique  is  identical  to  the  “crab-cavity”  schemes 
proposed  for  several  electron-positron  colliders.  A  total 
deflecting  voltage  of  8.5  MV  is  required,  and  we  have 
developed  a  preliminary  design  for  a  7-cell 
superconducting  deflecting  cavity  [16]. 

Narrow-gap  in-vacuo  superconducting  undulator  designs 
provide  tunable  high-flux  sources  in  the  1-12  keV  range. 
The  calculated  flux  of  10  keV  photons  from  1  nC  bunches 
at  3  GeV  and  10  kHz  is  6x10'°  photons/s/0. 1%BW  for  a  4 
mm  gap,  14  mm  period,  2  T  peak  magnetic  field 
undulator.  Similar  insertion  devices  are  currently  being 
prototyped  and  designs  are  expected  to  mature  in  the  near 
future. 

A  laser-seeded  cascaded  harmonic-generation  scheme 
produces  high-flux,  short-pulse  photons  over  an  energy 
range  of  tens  of  eV  to  1  keV.  In  this  process  the  circular 
cross-section  high-brightness  electron  beam  is  extracted 
from  the  recirculating  linac,  and  passed  through  an 
undulator  where  a  co-propagating  seed  laser  modulates  the 
charge  distribution  over  a  short  length  of  the  bunch.  The 
scheme  has  been  developed  and  demonstrated  at  the 
Brookhaven  DUV  FEL  facility  [4].  The  imposed 
modulation  results  in  enhanced  radiation  at  specific 
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wavelengths  and  a  selected  wavelength  is  amplified  in  a 
following  undulator,  tuned  to  a  higher  harmonic  of  the 
seed  laser.  The  electron  pulse  is  then  delayed  in  a  short 
chicane,  and  the  process  repeated  by  modulating  a  fresh 
portion  of  the  beam  this  time  with  the  harmonic  radiation 
produced  in  the  previous  undulator.  Using  a  Uinable 
optical  parametric  amplifier  as  the  seed,  and  variable 
undulators,  allows  significant  tunability  in  four  stages  of 
harmonic  generation,  variable  flux  up  to  10’’  photons  per 
pulse,  and  variable  pulse  duration  depending  on  the  seed 
laser  parameters  [3].  Two  chains  of  cascaded  harmonic 
generation  are  proposed,  providing  exceptional  flexibility 
in  producing  EUV  and  soft  x-ray  pulses.  Circular 
polarization  is  attainable  by  use  of  elliptical  undulators, 
and  flux  stability  of  0. 1  %  or  better  is  obtained  in  seconds 
from  random  pulse-pulse  flux  variations  of  10-20%  at  10 
kHz  repetition-rate.  The  use  of  tapered  undulators  allows 
tailoring  of  flux  to  individual  experiments,  to  avoid  space- 
charge  effects  in,  for  example,  photoemission  processes. 

Sophisticated  laser  systems  will  be  an  integral  part  of 
the  LUX  facility,  providing  experiment  excitation  pulses, 
and  stable  timing  signals,  as  well  as  the  electron  source 
through  the  photocathode  laser.  Each  endstation  will  have 
it’s  own  dedicated  laser  system  and  optical  manipulation 
and  diagnostics,  and  optical  tables  and  equipment  will  be 
contained  within  a  stable  and  controlled  environment. 
Multiple  tuneable  lasers  covering  a  range  of  267-3000  nm 
and  pulse  durations  of  £  50  fs  are  required  for  experiment 
initiation,  together  with  temporal  and  spatial  filtering  to 
optimize  performance  for  specific  experimental 
applications.  Distribution  systems  using  fibre-optic 
transmission  lines  will  provide  optical  seed  pulses  to  each 
beamline,  with  feedback  based  on  interferometric 
measurements  to  stabilize  the  path  lengths  [6]. 
Developments  in  laser  technology  are  expected  to  result  in 
significant  improvements  in  the  coming  years,  which  will 
be  incorporated  into  our  design  with  minimal  impact  on 
accelerator  systems. 

Synchronization  and  timing  of  the  ultra-short  x-ray 
pulses  to  the  experimental  excitation  pulse  is  critical  to 
studies  of  ultra-fast  dynamics.  For  LUX  we  propose  to 
generate  inherently  stable  pulses  by  using  seeded  FEL 
systems  and  bunch  manipulation.  In  the  case  of  EUV  and 
soft  x-ray  production,  the  cascaded  harmonic  generation 
seed  laser  oscillator  also  drives  the  sample  excitation  laser, 
resulting  in  timing  stability  of  approximately  20  fs.  For 
our  scheme  of  hard  x-ray  production  by  bunch 
manipulation  followed  by  x-ray  pulse  compression,  we 
find  that  the  phase  jitter  of  the  deflecting  cavities  with 
respect  to  the  experimental  laser  pulse  dominates  timing 
issues  [1].  Phase  and  amplitude  feedback  of  the  deflecting 
cavities  is  expected  to  provide  x-ray  pulse  to  laser  pulse 
timing  stability  of  50  fs  or  better.  To  stabilize  all  timing 
and  rf  signals  in  the  facility,  we  propose  to  use  a  phase- 
locked  laser  oscillator  as  the  facility  master  oscillator.  The 
RF  gun,  linacs,  and  deflecting  cavities  may  thus  be  phase- 
locked  to  the  experimental  excitation  lasers,  and  timing 


jitter  between  the  optical  laser  and  the  x-ray  pulse  emitted 
by  the  beam  minimized  [6]. 

SUMMARY 

A  recirculating  linac  user  facility  is  proposed  to  address 
the  growing  national  and  international  need  for  ultrafast  x- 
ray  scientific  research.  The  LUX  facility  is  based  on 
existing  accelerator  technology,  coupled  with  an  array  of 
advanced  tunable  femtosecond  lasers,  and  is  capable  of 
performing  an  enormous  variety  of  pump-probe  type 
experiments  with  soft  and  hard  x-rays.  The  facility  has 
been  specifically  designed  with  a  view  toward  solving 
problems  in  ultrafast  science,  and  it’s  impact  will  be 
across  all  fields  of  science. 
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Abstract 

Consideration  is  now  being  given  in  the  UK  to  the 
provision  of  an  advanced  facility  at  lower  energy  to 
complement  the  DIAMOND  x-ray  light  source.  The 
proposed  solution,  4GLS,  is  a  superconducting  energy 
recovery  linac  (ERL)  with  an  output  energy  around  600 
MeV,  delivering  both  CW  beam  currents  up  to  100  mA 
and  alternatively  high  charge  bunches  for  PEL 
applications.  Production  and  manipulation  of  short 
electron  bunches  (fs)  is  a  vital  part  of  the  source 
specification.  In  addition  to  beam  lines  from  undulator 
sources  in  the  ERL  recoveiy  path  there  will  be  three 
FELs;  two  will  be  oscillator  types  in  the  infrared  and 
VUV  respectively,  and  the  third  will  be  a  high  gain 
system  for  XUV  output.  The  project  is  outlined,  together 
with  its  status  and  the  R&D  challenges  posed.  A  flmded 
prototype  based  on  a  50  MeV  ERL  is  also  described. 

1  ERL  LIGHT  SOURCE  CONCEPT 

The  origin  of  this  project  is  the  requirement  in  the  UK 
to  continue  its  investment  in  advanced  radiation  sources 
based  on  particle  accelerators.  A  strategy  has  been 
developed  to  replace  the  existing  national  light  source,  the 
world’s  first  dedicated  2"“*  generation  X-ray  source  (the 
SRS),  with  more  advanced  facilities  that  are  optimised  for 
specific  spectral  regions  [1].  As  a  first  step  the  3  GeV  x- 
ray  source  DIAMOND  has  been  funded  and  is  now  under 
construction  [2]. 

For  a  low  energy  source  complementary  to  DIAMOND 
it  had  initially  been  assumed  that  a  3"^  generation  storage 
ring  would  be  built,  but  alternative  ideas  emerged  during 
2001  [3].  In  order  to  overcome  the  well  known  limitations 
of  low  energy  storage  rings  below  1  GeV,  and  also  to 
exploit  the  sub-ps  bunch  regime,  attention  turned  to  linac- 
based  sources  that  can  combine  exceptionally  high 
transverse  and  longitudinal  brightness.  Linacs  have 
already  played  a  major  role  in  the  development  of  free 
electron  lasers  (FELs)  but  these  have  usually  required 
high  peak  but  modest  average  brightness  whereas  a 
national  light  source  will  also  need  to  deliver  high 
average  fluxes.  Achieving  average  linac  currents  as  high 
as  those  in  3"*  generation  light  sotuce  rings  requires  a 
combination  of  superconducting  technology  and  energy 


recovery  linac  (ERL)  principles.  Such  systems  have  now 
been  successfully  demonstrated  at  two  laboratories  [4,5], 
leading  to  a  number  of  recent  proposals  to  apply  these 
results  to  higher  energy  projects  generating  x-rays  [6,7]. 
As  an  intermediate  step  the  Cornell  team  have  proposed  a 
demonstrator  at  100  MeV  and  100  mA  [8].  A  related 
series  of  novel  light  source  proposals  has  a  multi-pass 
configuration  [9]  but  may  omit  energy  recovery  [10]. 

Once  the  ERL  is  adopted  for  such  a  spontaneous  light 
source  its  superior  properties  also  become  attractive  for 
advanced  FEL  development.  For  example  the  greatly 
enhanced  peak  beam  currents  in  a  linac  can  be  exploited 
in  a  high  gain  FEL,  by  removing  the  mirror  technology 
limitations  of  a  more  conventional  optical  cavity.  Such  a 
linac-based  source  then  provides  unique  opportunities  for 
the  combination  of  spontaneous  and  stimulated  (coherent) 
sources  at  a  single  centre:  this  is  the  unique  feature  of  our 
4GLS  proposal. 

2  PROJECT  OUTLINE 

The  feasibility  of  this  new  light  sowce  philosophy  has 
been  studied  and  developed  by  a  project  team  at 
Daresbury,  together  with  strong  strategic  and  scientific 
input  from  the  potential  user  base  in  the  UK  academic 
community.  The  science  case,  which  has  emphasised  the 
exploitation  of  ultra-short  (fs)  pulses  and  the  extent  to 
which  multiple  sources  would  be  utilised  (eg  for  pump- 
probe  experiments),  was  reviewed  and  accepted  by 
funding  agencies  early  in  2002.  The  4GLS  project 
concept  is  illustrated  schematically  in  Fig.  1  which 
contains  the  principal  components  although  omitting 
many  important  practical  details.  It  has  been  described  in 
more  detail  elsewhere  [11]  and  will  therefore  only  be 
briefly  repeated  here. 

The  600  MeV  linac  comprises  a  superconducting 
accelerating  structure  and  one  possible  solution  is  to  adapt 
the  successful  1.3  GHz  TESLA  modules  [12]  to  the 
demands  of  a  CW  operating  mode.  For  the  purposes  of 
4GLS  feasibility  studies,  including  outline  costings  and 
layout  considerations,  a  modest  accelerating  gradient  of 
only  15  MeV/m  has  been  assumed,  implying  a  total 
length  of  about  60  m  and  350  kW  RF  power  to  drive  five 
modules.  Higher  gradients  have  been  achieved  at  DESY 
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but  at  much  lower  duty  cycles;  de-rating  also  substantially 
reduces  the  2  K  cryogenic  burden  although  this  may  still 
exceed  100  W  per  cryomodule.  It  will  also  be  essential 
greatly  to  enhance  HOM  damping  and  out-coupling  by 
modifications  to  these  structures.  To  achieve  the  target 
100  mA  the  BBU  instability  threshold  must  be  raised  by 
HOM  damping  and  by  optimised  transport  line  optics 


[13],  active  feedback  systems  will  also  be  incorporated. 
Specifying  a  bunch  length  in  the  linac  to  exceed  1  ps 
allows  the  losses  to  be  controlled  but  the  ciyogenic  plant 
will  be  rated  to  at  least  1  kW  at  2  K  (ie  about  1  MW  AC 
power  installation). 


Photoinjectors 


Figure  1 :  Schematic  Layout  of  4GLS  Light  Source  Concept 


Two  photocathode  guns  are  included  to  cover  both 
high-average  and  high-peak  current  operating  modes.  A 
CW  gun  must  be  developed  to  deliver  at  least  100  mA  in 
a  reliable  manner  for  a  user  facility.  Selection  of  this  gun 
will  necessitate  an  R&D  programme  comparing  various 
solutions,  including  DC  or  RF  types  and  various  cathode- 
laser  combinations.  The  option  of  a  superconducting  gun 
will  also  be  assessed  but  is  unlikely  to  be  adopted  for 
iiiitial  stages  of  the  project.  The  second  gun  generates  the 
high  charge  per  bunch  needed  for  FEL  operations:  it  will 
have  a  specification  more  similar  to  those  being  achieved 
in  the  latest  linear  collider  and  SASE  FEL  projects  and 
can  utilise  their  conclusions.  This  gun  gives  additional 
flexibility  for  production  of  bunch  trains  with  a  variety  of 
pulse  structures,  whilst  maintaining  high  average  output 
for  the  spontaneous  emission  users. 

Figure  1  does  not  detail  the  important  electron  beam 
transport  system  but  it  will  be  based  on  two  arcs, 
employing  tunable  achromats  to  achieve  isochronous 
transport  over  a  broad  energy  acceptance.  This  is  under 
study  to  determine  their  implications  for  variable  Rjg 
control,  for  beam  dynamics,  for  overall  layout  footprint 
and  for  technical  aspects  in  a  600  MeV  solution.  Bunch 
compression  can  be  achieved  both  in  arcs  and  in  magnetic 
chicanes,  but  is  shown  schematically  in  Fig.  1  to  indicate 


that  fs  bunch  lengths  will  be  controlled  as  required  in 
local  parts  of  the  transport  system.  Design  guidelines  for 
arcs  and  chicanes  are  already  known,  in  particular  for 
minimisation  of  coherent  synchrotron  radiation  (CSR) 
effects  [14]. 

It  should  be  noted  that  unlike  other  projects  4GLS 
needs  good  access  to  radiation  from  undulators  (and 
perhaps  even  bends)  within  the  arcs.  Figure  1  indicates  a 
series  of  beam  lines  feeding  user  stations,  in  some  cases 
from  fs  source  points,  and  the  transport  focusing  optics 
will  be  locally  optimised  for  beam  dimensions  at 
individual  undulators.  A  cavity  FEL  operating  in  the 
VUV  range  (3-10  eV)  is  also  included.  The  electron  beam 
can  be  switched  into  a  parallel  return  path  to  feed  a  long 
undulator  for  a  high  gain  XUV-FEL  system  to  deliver  10- 
100  eV  output,  with  maximum  compression  immediately 
upstream  of  its  entrance.  Energy  recovery  is  probably 
unnecessary  in  this  low  duty  cycle  mode  having  reduced 
average  current.  The  infra-red  FEL  is  supplied  from  an 
independent  superconducting  linac  and  will  provide  high 
quality,  stable  output  over  a  range  from  perhaps  3-75  pm. 
A  feature  of  the  4GLS  proposal  is  the  linking  of  the 
outputs  from  these  various  sources  to  permit  a  range  of 
pump-probe  experiments  to  be  undertaken. 
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3  ERL  PROTOTYPE  PROJECT 

The  challenges  of  4GLS  are  considerable  and  are  in  the 
areas  of  beam  dynamics,  accelerator  technology,  PEL 
physics  and  effective  user  exploitation.  On  2  April  2003  it 
was  annotmced  that  the  next  stage  of  the  project  evolution 
would  be  immediate  funding  of  an  Exploratory  Phase. 
This  will  include  construction  of  a  smaller  scale  ERL 
Prototype  (ERLP)  intended  to  address  these  issues  in  such 
a  test  facility  at  Daresbury,  to  be  completed  by  2006. 

The  ERLP  will  demonstrate  energy  recovery  with  an 
electron  beam  generated  by  a  photocathode  injector  and 
accelerated  in  a  superconducting  linac  module  to  at  least 
50  MeV.  It  will  also  incorporate  an  PEL  test  facility 
based  on  a  wiggler  magnet  previously  used  in  the 
Jefferson  Laboratory  IRPEL  and  supplied  on  loan  as  part 
of  an  international  collaboration.  These  important  physics 
and  technology  aspects  will  allow  all  of  the  critical  4GLS 
challenges  to  be  encountered  in  advance  of  the  final 
project  construction  phase. 

The  layout  of  the  ERLP  is  now  being  finalised,  with 
particular  emphasis  on  tailoring  its  footprint  to  match  an 
available  building  and  infrastructure.  A  comparative 
study  of  Bates  [15]  and  triple-bend  achromat  (TBA)  arcs 
is  underway,  covering  issues  ranging  from  flexible  beam 
dynamics  through  to  compactness.  The  transport  line  will 
also  include  magnetic  compression  chicanes,  to  generate 
fs  electron  bunches  and  radiation  pulses  and  to  study 
associated  problems  (eg  CSR  effects,  pulse  synchro¬ 
nisation).  The  TBA  version  is  shown  in  Pig.  2  which 
includes  a  TESLA-type  linac  module  and  the  J-Lab 
wiggler  as  a  reference.  Injection  and  extraction  chicanes 
will  be  needed  upstream  and  downstream  from  the  linac 
cryomodule.  Start-to-end  beam  simulations  with 
integrated  codes  have  commenced  and  will  eventually  be 
benchmarked  by  the  experimental  data  from  ERLP.  In 
parallel  PEL  design  studies  are  being  undertaken  and  will 
include  calculation  of  coherent  emission  from  the  ultra- 
short  bunches  that  will  be  available. 


fi 


Pigure  2:  Preliminary  ERLP  Beam  Transport 

A  photocathode  gun  test  stand  will  be  constructed  to 
allow  experiments  to  commence  early  in  2004  and  it  is 
likely  that  a  DC  gun  based  on  established  designs  will  be 
selected  for  initial  experiments,  in  which  case  an  RP 
btmcher  and  booster  will  be  added.  It  is  hoped  to  install 
the  linac  itself  and  its  cryogenics  later  that  year.  Attention 
will  also  be  given  to  the  advanced  diagnostics  necessary 
to  make  full  use  of  the  Prototype  programme. 

Pigure  3  shows  the  planned  layout  in  a  converted 
building  that  already  has  extensive  shielding  and  other 


Pigure  3:  Possible  ERLP  Layout 

services  available.  Again  the  TBA  design  is  shown,  but 
both  the  TBA  and  Bates  footprints  have  similar 
dimensions  and  no  deeision  has  yet  been  made  on  the 
optimum  choice. 
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Abstract 

Synchrotron  light  sources  based  on  Energy  Recovery 
Linacs  (ERLs)  show  promise  to  deliver  X-ray  beams  with 
both  brilliance  and  X-ray  pulse  duration  far  superior  to  the 
values  that  can  be  achieved  with  storage  ring  technology. 
Cornell  University,  in  collaboration  with  Jefferson  Labo¬ 
ratory,  has  proposed  the  construction  of  a  prototype  ERL. 
This  lOOMeV,  100mA  CW  superconducting  electron  accel¬ 
erator  will  be  used  to  study  and  resolve  the  many  accelera¬ 
tor  physics  and  technology  issues  of  this  type  of  machine. 
These  studies  are  essential  before  ERLs  can  be  confidently 
proposed  for  large-scale  applications  such  as  synchrotron 
light  sources.  Key  issues  include  the  generation  of  high  av¬ 
erage  current,  high  brightness  electron  beams;  acceleration 
and  transport  of  these  beams  while  preserving  their  bright¬ 
ness;  adequate  damping  of  higher  order  modes  (HOMs)  to 
assure  beam  stability;  removal  of  large  amounts  of  HOM 
power  from  the  cryogenic  environment;  stable  RF  control 
of  cavities  operating  at  very  high  external  Q;  reduction  of 
beam  losses  to  very  low  levels;  and  the  development  of 
precision  non-intercepting  diagnostics  to  allow  beam  setup, 
control  and  characterization.  Our  prototype  design  allows 
us  to  address  these  and  other  issues  over  a  broad  range  of 
parameter  space.  This  design,  along  with  recent  progress 
on  understanding  these  issues,  will  be  presented. 

INTRODUCTION 

To  profit  from  the  smaller  transverse  and  longitudinal 
emittances  that  a  linac  can  offer,  compared  to  a  circular 
high  energy  physics  collider  or  synchrotron  light  source,  it 
is  necessary  to  be  able  to  accelerate  beams  to  the  energies 
(several  GeV)  and  with  the  currents  (several  100mA)  that 
are  typical  in  these  storage  rings.  This  would  require  that 
the  linac  delivers  a  power  of  order  IGW  to  beam.  Without 
somehow  recovering  this  energy  after  the  beam  has  been 
used,  such  a  linac  would  be  practically  unfeasible. 

Energy  recovery  can  be  achieved  by  decelerating  high 
energy  electrons  to  generate  cavity  fields  which  in  turn  ac¬ 
celerate  new  electrons  to  high  energy.  With  this,  large  beam 
powers  that  are  not  accessible  in  a  conventional  linac  can  be 
produced.  ERLs  were  proposed  over  30  years  ago.  How¬ 
ever,  to  continuously  transfer  field  energy  from  electrons 
to  the  RF  cavities  and  back  to  new  electrons,  it  is  essen¬ 
tial  that  the  cavities  are  continuously  filled  with  field  en- 
crgy.  This  means  that  they  have  to  be  operated  in  con¬ 
tinuous  wave  (CW)  mode.  Since  CW  normal  conducting 
cavities  with  high  accelerating  fields  require  an  unrealistic 
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amount  of  cooling,  and  since  SC  cavities  have  only  recently 
achieved  sufficiently  high  fields,  ERLs  have  not  been  tech¬ 
nically  feasabe  for  many  years. 

At  TJNAF  and  at  JAERI,  SC  cavities  were  used  to 
demonstrate  energy  recovery  for  low  energy  (50  and 
17MeV)  and  low  current  (5mA)  beams.  These  laborato¬ 
ries  made  significant  achievements  and  showed  they  could 
save  most  of  the  energy  required  for  beam  acceleration. 
While  for  the  FEL  at  TJNAF,  the  beam  power  in  energy 
recovery  mode  is  about  4  times  higher  than  that  without 
the  recovery,  these  ERLs  never  produeed  beam  powers  that 
could  not  have  been  produeed  with  a  conventional  linac. 
However,  since  the  TESLA  collaboration  has  demonstrated 
the  reliable  operation  of  SC  cavities  with  accelerating  field 
well  above  20MV/m,  several  laboratories  have  proposed 
high  power  ERLs  for  different  purposes.  Designs  for 
light  production  with  different  parameter  sets  and  various 
applications  are  being  worked  on  by  Cornell  University, 
BNL,  Daresbury,  TJNAF,  and  JAERI  (see  PAC2003),  the 
University  of  Erlangen,  Novosibirsk  (see  EPAC2002)  and 
KEK.  TJNAF  has  incorporated  an  ERL  in  its  design  of 
an  electron— ion  collider  (EIC)  for  medium  energy  physics 
while  BNL  is  working  on  an  ERL^based  electron  cooler 
for  the  ions  in  the  relativistic  ion  collider  (RHIC). 

THE  CORNELL  ERL  PROJECT 

Since  neither  an  electron  source,  nor  an  injector  system, 
nor  an  ERL,  has  ever  been  built  for  the  required  large  beam 
powers  and  small  transverse  and  longitudinal  emittances,  it 
is  essential  to  build  a  prototype  facility  [1]  that  can  verify 
the  functionality  of  all  essential  devices  and  physical  pro¬ 
cesses  before  endeavoring  onto  a  large  user  facility.  The 
Wilson  laboratory  at  Cornell  University  has  proposed  to 
the  NSF  to  build  such  a  prototype  and  to  perform  the  re¬ 
quired  proof  of  principle.  This  proposal  has  been  favorably 
reviewed  by  the  NSF  and  is  strongly  supported  by  Cornell 
University.  A  decision  by  the  NSF  is  expected  soon. 

While  Cornell  plans  an  ERL  light  source  [2],  knowledge 
obtained  in  the  ERL  prototype  facility  would  profit  a  sci¬ 
entific  community  that  is  much  larger  than  the  already  very 
large  and  diverse  group  of  synchrotron  radiation  users,  and 
includes  medium  and  high  energy  physicists  working  on  an 
EIC  and  at  RHIC. 

The  Cornell  CHESS  laboratory  currently  uses  the  Cor¬ 
nell  Electron  Storage  Ring  (CESR)  as  a  second  generation 
synchrotron  light  source  at  5GeV.  As  a  future  light  source 
for  this  laboratory,  an  ERL  seems  ideal.  It  can  enlarge  the 
wide  range  of  applications  of  third  generation  light  sources 
by  producing  beams  similar  to  the  CW  beams  from  these 
modem  facilities,  albeit  with  higher  brilliance  due  to  the 
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much  smaller  horizontal  emittance  and  possibly  smaller 
energy  spread.  At  the  same  time,  it  can  serve  more  spe¬ 
cialized  experiments  that  require  ultra  small  emittances  for 
high  spacial  resolution  or  ultra  short  bunches  for  high  tem¬ 
poral  resolution  [2]. 

Since  CESR  is  planning  to  phase  down  its  high  energy 
physics  program  in  about  5  years,  we  have  studied  whether 
CESR  components,  its  tunnel,  and  its  infrastmcture  could 
be  used  to  house  an  ERL  facility  [3]. 

A  detailed  set  of  parameters  has  not  yet  been  fixed  and 
can  still  be  influenced  by  findings  from  the  ERL  protot5fpe. 
The  currently  planned  parameters  together  with  those  of 
the  prototype  are  listed  in  Table  1. 

THE  CORNELL  PROTOTYPE 


Table  1:  The  Cornell  ERL  Prototype  and  light  source 


Parameter 

Prototype 

Light  source 

Energy 

(GeV) 

0.1 

5 

Current 

(mA) 

100 

100 

Inj.  energy 

(MeV) 

5-15 

5-15 

Rep.  Rate 

(GHz) 

1.3 

1.3 

Acc.  gradient 

(MV/m) 

20 

20 

Q  of  cavities 

(10^0) 

1 

1 

external  Q 

(10^) 

2.6 

2.6 

Charge/Bunch 

(pC) 

77 

77 

nominal  as 

(10-3) 

0.2 

0.2 

nominal  ar 

(ps) 

2 

2 

nominal 

(^m) 

2 

2 

short  pulse 

(ps) 

<  0.1 

<0.1 

microbeam 

(/xm) 

0.2 

0.2 

Main  Linac  Cavities 

5 

«250 

Refrigerator@2K 

(kW) 

0.2 

w  17 

The  prototype  ERL  at  Cornell,  shown  in  Fig.  1,  is 
planned  to  have  very  similar  parameters  to  the  light  source 
facility.  The  differences  are  essentially  that  (a)  the  pro¬ 
totype  injector  is  only  capable  of  producing  5MeV  beam 
at  100mA  and  the  light  source  might  require  a  higher  en- 
eigy  and  thus  more  injector  cavities,  (b)  the  main  linac  in 
the  prototype  has  only  one  cryomodule  with  only  5  cavities 
while  the  full  facility  has  8  cavities  per  module  and  more 
than  30  cryomodules,  and  (c)  the  cost  and  power  consump¬ 
tion  of  the  prototype  is  significantly  smaller.  After  comple¬ 
tion,  many  parts  of  the  prototype,  especially  the  entire  gun 
and  injector,  can  be  used  for  the  ERL  light  source. 

Issues  that  should  be  investigated  by  the  ERL  prototype 
before  a  full-scale  ERL  user  facility  is  built  include; 

Gun:  Achieving  the  small  normalized  emittance  of  2/rm  in 
the  undulators  requires  around  Ijim  at  the  high  voltage  DC 
gun,  which  has  to  deliver  lOOmA  from  its  negative  electron 
affinity  GaAs  photo  cathode.  Design  parameters  are  500  to 
750kV  in  a  pressurized  SFe  atmosphere,  aTi:sapphire  laser 
operating  at  780nm  with  several  Watts  at  1 .3GHz  repetition 
rate  [4].  Such  a  gun  relies  heavily  on  space  charge  compen¬ 


sation  [5]  and  has  never  been  operated  at  the  required  high 
cuirents.  Furthermore,  microbeams  with  ultra-small  emit¬ 
tances  of  0.2/rm  in  the  undulators  are  envisioned  for  high 
resolution  X-ray  imaging.  Such  beams  could  only  be  pro¬ 
duced  with  reduced  currents. 

Injector:  The  injector  is  designed  to  send  bunches  with 
77pC  and  with  emittances  of  less  than  1 .5/im  into  the  linac. 
The  injector  allows  the  acceleration  of  100mA  beam  cur¬ 
rent  to  5MeV,  with  every  bucket  filled,  and  of  50  or  33mA 
beam  current  to  lOMeV  or  15MeV  when  every  second  or 
third  bucket  is  filled.  Testing  will  show  which  injector  en¬ 
ergy  should  be  chosen  for  the  Cornell  ERL  light  source. 
Each  of  the  5  two-cell  SC  injector  cavities  couples  about 
lOOkW  to  the  beam.  The  cavities  are  designed  to  be  dipole¬ 
mode-free  and  are  equipped  with  a  symmetric  input  coupler 
to  avoid  a  transverse  kick.  [6, 7,  8]. 

Halo  formation:  Space  charge  forces  are  most  nonlinear 
for  particles  at  the  outside  of  the  beam  and  can  create  a 
dilute  halo.  Collimating  the  beam,  however,  can  cause  ac¬ 
tivation  and  heat  load  in  the  cryogenic  environment.  Col¬ 
limating  at  high  energy  additionally  reduces  the  efficiency 
by  wasting  power  for  electrons  that  do  not  participate  in  the 
energy  recovery.  Study  of  halo  formation  and  its  removal 
will  therefore  be  important. 

CSR:  Coherent  synchrotron  radiation  (CSR)  can  signifi¬ 
cantly  increase  the  transverse  and  longitudinal  emittances, 
especially  for  short-bunch  operation.  CSR  is  such  a  com¬ 
plex  process  that  it  is  essential  to  verify  the  accuracy  of 
current  CSR  simulations. 

Cavities  and  cryomodules:  While  much  will  be  adopted 
from  the  successful  TESLA  cavities  and  cryomodules, 
some  modifications  are  needed  for  CW  operation.  These 
modifications  are  mainly  related  to  the  large  HOM  power 
that  has  to  be  extracted  and  to  the  large  heat  load  of  about 
40W  that  has  to  be  cooled  at  2K  per  cavity.  For  frequencies 
up  to  about  3GHz,  4  output  HOM  couplers  of  the  TTF  type 
are  used  per  cavity.  Between  the  cavities  there  will  addi¬ 
tionally  be  a  ferrite  beam  pipe  absorber  of  the  CESR  type 
for  frequencies  larger  than  about  3GHz  [9]. 

Cavity  control:  Due  to  the  high  external  Q,  the  width 
of  the  cavity  resonance  is  very  narrow  (50Hz  for  Qext  = 
2.6  •  lO’^).  Controlling  the  cavity  under  the  presence  of  mi- 
crophonic  noise  thus  becomes  a  challenge  [10].  Tests  in  the 
prototype  will  show  what  maximal  Qext  can  be  achieved. 
Beam  breakup:  While  the  power  required  for  accelera¬ 
tion  limits  the  beam  current  in  conventional  linacs,  the  re¬ 
quired  power  in  an  ERL  is  virtually  independent  of  the 
beam  current.  However,  the  total  current  is  limited  by  the 
beam  breakup  (BBU)  instability,  which  arises  when  cavity 
modes  that  deflect  the  beam  transversely  are  coherently  ex¬ 
cited  by  the  recirculating  beam  and  grow  faster  than  they 
can  be  damped.  The  particle  optics  in  the  linac  and  in  the 
return  arc  has  been  designed  to  raise  the  BBU  limit  to  100- 
200mA.  However,  the  BBU  limit  depends  on  the  detailed 
HOM  damping  and  HOM  spectmm,  which  cannot  be  sim¬ 
ulated  very  well. 

Short  bunches:  The  ERL  light  source  will  have  users  that 
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Figure  1 :  Layout  of  the  Cornell  ERL  Prototype 


require  lOOfs  pulses  and  users  for  which  a  2ps  bunch  length 
is  sufficient.  While  2ps  pulses  can  be  created  in  the  injec¬ 
tor  by  a  20ps  laser  pulse  and  subsequent  bunching,  a  lOOfs 
pulse  requires  additional  pulse  compression.  In  order  to  re¬ 
duce  HOMs,  the  bunch  will  be  compressed  at  full  energy. 
A  flexible  nonlinear  bunch  compression  optics  has  been  de¬ 
signed  and  will  be  tested  [11]. 

Phase  space:  The  relative  energy  spread  at  high  energy 
of  below  0.2  •  10~^  can  increase  strongly  when  the  beam 
is  decelerated.  If  the  longitudinal  phase  spaee  distribution 
was  uncorrelated,  the  rms  energy  spread  would  become  at 
least  20%  after  deceleration  from  5GeV  to  5MeV,  which 
may  well  result  in  beam  loss  in  the  last  RF  section.  The 
longitudinal  phase  space  therefore  has  to  be  manipulated 
by  nonlinear  optical  elements  so  that  the  nonlinear  phase 
space  correlation  is  reduced  by  the  waveform  of  the  decel¬ 
erating  cavities  [12]. 

Dump:  To  first  approximation  the  energy  at  the  dump 
is  the  same  as  the  injector  energy.  A  quadmpole  optics 
will  spread  the  IMW  beam  power  (that  would  result  from 
lOMeV  operation)  over  a  cooled  collector. 

Beam  diagnostics:  In  order  to  allow  for  the  planned  de¬ 
tailed  beam  dynamics  studies  in  the  prototype,  a  very  pre¬ 
cise  knowledge  of  beam  position,  the  three  emittances,  and 
the  beam  halo  will  be  required  along  the  accelerator.  The 
following  tools  will  be  developed:  high  precision  BPMs, 
beam-ionization  profile  monitors,  transition  radiation  and 
synchrotron  radiation  beam  size  monitors  for  reduced  and 
full  average  eurrent  operation,  bunch  length  monitors  that 
use  infrared  spectrometry  of  the  coherent  synchrotron  and 
diffraction  radiation,  and  moving  wires  for  halo  measure¬ 
ments.  All  of  these  will  be  very  valuable  for  the  ERL  light 
source  as  well,  since  reliable  diagnostics  will  be  needed 
for  controlling  the  high  power  beam  and  for  stabilizing  the 
beam-position  to  the  requirements  of  the  users. 

CONCLUSION 

There  are  strong  reasons  to  believe  that  SC  cavity  tech¬ 
nology  is  sufficiently  advanced  to  allow  for  high  fields. 


high  average  current,  CW  operation  in  an  ERL.  However, 
many  components  will  have  to  be  optimized  and  beam  dy¬ 
namics  issues  have  to  be  investigated  in  a  prototype  accel¬ 
erator.  The  risks  of  not  building  a  prototype  seems  too  high, 
and  flie  financial  burden  of  building  one  at  Cornell  seems 
relatively  benign  considering  the  benefit  that  it  would  have 
to  all  the  ongoing  ERL  projects. 
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Abstract 

A  successful  GeV  scale  energy  recovery  demonstration 
with  high  ratio  of  accelerated-to-recovered  energies  (50:1) 
was  recently  carried  out  on  the  CEBAF  recirculating 
linear  accelerator.  Future  high  energy  (multi-GeV),  high 
current  (hundreds  of  milli-Amperes)  beams  would  require 
gigaWatt-class  RF  systems  in  conventional  linacs  -  a 
prohibitively  expensive  proposition.  However,  invoking 
energy  recovery  [1]  alleviates  extreme  RF  power 
demands;  required  RF  power  becomes  nearly  independent 
of  beam  current,  which  improves  linac  efficiency  and 
increases  cost  effectiveness.  Furthermore,  energy 
recovering  linacs  promise  efficiencies  of  storage  rings, 
while  maintaining  beam  quality  of  linacs:  superior 
emittance  and  energy  spread  and  short  bunches  (sub-pico 
sec.).  Finally,  energy  recovery  alleviates  shielding,  if  the 
beam  is  dumped  below  the  neutron  production  threshold. 
Jefferson  Lab  has  demonstrated  its  expertise  in  the  field  of 
Energy  Recovery  Linacs  (ERLs)  with  the  successful 
operation  of  the  Infrared  FEL,  where  5  mA  of  average 
beam  current  have  been  accelerated  up  to  50  MeV  and  the 
energy  stored  in  the  beam  was  recovered  via  deceleration 
and  given  back  to  the  RF  power  source.  To  date  this  has 
been  the  largest  scale  demonstration  of  energy  recovery. 

MOTIVATION 

Presently  there  are  designs  for  several  ERL  based 
accelerator  systems  world-wide.  These  include  designs  for 
FELs  (KAERI,  BINP  Accelerator-Recuperator), 
synchrotron  light  sources  (Comell/J-Lab  ERL,  ERLSYN, 
4GLS,  BINP  MARS),  electron  cooling  devices  (BNL- 
BINP)  and  electron-ion  colliders  (ELIC,  eRHIC).  Some 
of  the  ERL-based  accelerator  applications  that  are  being 
proposed  require  beam  currents  of  the  order  of  100  mA, 
while  the  beam  energy  for  these  applications  ranges  from 
the  currently  achieved  50  MeV  up  to  5  GeV.  There  are 
several  important  accelerator  physics  and  technological 
issues  that  must  be  resolved  before  any  of  these 
applications  can  be  realized.  The  J-Lab  FEL  Upgrade, 
presently  under  construction  and  designed  to  accelerate  10 
mA  up  to  150-200  MeV  and  then  subjected  to  energy 
recovery,  and  the  proposed  Comell/J-Lab  ERL  Prototype, 
designed  to  accelerate  100  mA  up  to  100  MeV  and  then 
decelerated  for  energy  recovery,  will  be  ideal  test  beds  for 
the  understanding  of  high  current  phenomena  in  ERL 
devices.  Last  year,  in  an  effort  to  address  the  issues  of 
energy  recovering  high-energy  beams,  Jefferson  Lab 
proposed  a  minimally  invasive  energy  recovery 


experiment  utilizing  the  CEBAF  accelerator  [2].  The 
experiment  was  successfully  carried  out  at  the  end  of 
March  ’03  by  demonstrating  energy  recovery  of  a  1  GeV 
beam.  Until  this  experiment,  there  were  no  plans  aimed  to 
address  issues  related  to  beam  quality  preservation  in 
systems  with  large  final  beam  energy  (up  to  IGeV)  or  a 
large  energy  ratio  between  final  and  injected  beams  (a 
factor  of  50). 

THE  EXPERIMENT 

General  Layout 

A  schematic  representation  of  the  CEBAF  with  Energy 
Recovery  experiment  is  illustrated  in  Figure  1.  Beam  is 
injected  into  the  North  Linac  at  56  MeV  where  it  is 
accelerated  to  556  MeV.  The  beam  traverses  Arcl  and 
then  begins  acceleration  through  the  South  Linac  where  it 
reaches  a  maximum  energy  of  1056  MeV.  Following  the 
South  Linac,  the  beam  passes  through  a  newly  installed 
phase  delay  chicane.  The  chicane  was  designed  to  create  a 
path  length  differential  of  exactly  'A-RF  wavelength  so 
that  upon  re-entry  into  the  North  Linac,  the  beam  is  180® 
out  of  phase  wdA  the  cavities  and  will  subsequently  be 
decelerated  to  556  MeV.  After  traversing  Arcl  the  beam 
enters  the  South  Linac  -  still  out  of  phase  with  the  cavities 
-  and  is  decelerated  to  56  MeV  at  which  point  the  spent 
electron  beam  is  sent  to  a  dump.  In  this  way  the  beam 
gives  energy  back  to  the  RF  system,  which  may  be  used 
to  accelerate  subsequent  beam. 


Figure  1 :  CEBAF  Energy  Recovery  Experiment  -  layout 

Beam  Transport  -  Linac  Optics 

The  linac  optics  were  optimized  for  the  two  beams  so 
that  the  lower  energy  beam  in  each  linac  had  a  tight,  120® 
betatron  phase  advance  per  cell  lattice,  as  illustrated  in 
Figures  2  and  3.  Appropriate  optics  design  for  the 
spreader  and  recombiner  of  Arc2  (following  South  Linac) 
facilitates  compensation  of  beta  mismatches  introduced 
by  optimizing  the  linac  optics  for  the  lower  energy  beam. 
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Figure  2:  North  Linac  -  top:  120°  per  cell  lattice  for  the 
accelerating  beam  (56-556MeV)  and  bottom:  mismatched 
opties  for  the  decelerating  beam  (1056-556MeV) 


Figure  3:  South  Linac  -  top:  mismatched  optics  for  the 
accelerating  beam  (556-1056MeV)  and  bottom:  120°  per 
cell  lattice  for  the  decelerating  beam  (556-56MeV) 

MEASUREMENTS 

To  gain  a  quantitative  understanding  of  the  beam 
behavior  through  the  machine,  an  intense  effort  has  been 
made  towards  planning  measurements  for  the  experiment 
[2],  One  of  the  most  critical  is  measuring  the  beam 
emittance,  which  serves  as  a  figure  of  merit  by 
characterizing  the  extent  to  which  beam  quality  is 
preserved  during  energy  recovery.  A  scheme  has  been 
implemented  to  measure  the  emittance  of  the  energy- 
recovered  beam  prior  to  being  sent  to  the  dump  [3],  as 
well  as  in  the  injector  and  in  each  arc.  In  this  way  one  can 
imderstand  how  the  emittance  evolves  through  the 
machine.  One  of  the  performance  limitations  of  high- 
energy  beams  is  a  beam  halo  or  small  regions  of  phase 
space  outside  the  beam  core.  Furthermore,  the  halo  was 
measured  at  several  locatins:  in  the  injector,  in  both  arcs 
and  in  the  extraction  dump  to  ascertain  what  effects 
energy  recovery  has  on  halo  formation  and  evolution.  In 
addition  to  the  beam-based  measurements  mentioned 
above,  another  important  class  of  measurements  deals 
with  the  RF  system’s  response  to  energy  recovery.  It 
tested  the  RF  system  response  by  measuring  the  gradient 


and  phase  stability  with  and  without  energy  recovery  for 
selected  cavities  throughout  the  North  and  South  Linac. 
Once  satisfactory  measurements  have  been  obtained  using 
the  nominal  56  MeV  injection  energy,  a  parametric  study 
exercising  high  final  energy  (1020  MeV)  to  injection  (20 
MeV)  ratios  was  earned  out  with  the  measurements 
repeated 

RESULTS 

Initial  evidence  of  energy  recovery  mode  is  illustrated 
in  Figure  4  by  a  synchrotron  light  monitor  view  of  two 
beams  in  Arcl:  the  accelerated  and  half-way-energy- 
recovered  beams  at  556  MeV. 


Figure  4:  Arcl  synchrotron  light  monitor  -  two  ‘spots’: 
accelerated/decelerated  beams  at  556  Me 

Similarly,  Figure  5  shows  the  two  beams  further 
downstream  (end  of  South  Linac):  almost-fully- 
accelerated  (~lGeV)  and  almost-fully-energy-recovered 
(~100MeV)  beams  as  seen  on  a  viewer. 


Figure  5:  Two  beams  (~  I  GeV  and  ~  100  MeV)  at  the 
end  of  South  Linac  -  SL16  beam  viewer  (Ei„j  =  20  MeV) 

Finally,  a  fully  energy  recovered  beam  at  56  MeV,  as  seen 
on  an  optical  transition  radiation  monitor  in  the  extraction 
line  is  illustrated  in  Figure  6. 

Emittance  Measurements 

Transverse  emittance  has  been  measured  with  wire 
scanners  for  altered  optics  (quads  scan  with  ‘closed  beta 
bump’)  at  several  locations  throughout  the  energy 
recove^  cycle:  at  injection,  in  both  arcs  and  right  before 
extraction  into  the  dump.  A  typical  wire  scan  with  two 
beams  is  illustrated  in  Figure  7. 
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Figure  6:  Energy  recovered  beam  (56  MeV)  at  the  dump 
(optical  transition  radiation  monitor  view) 


Figme  7:  Wire  scan  with  two  beams  -  fully  accelerated 
and  energy-recovered  beams 


Figure  8:  Emittance  as  extracted  from  least-squares 
quadratic  fit 

Emittance  measurements  in  the  quad-drift-wire 
configuration  were  carried  out  for  varying  quad  strength 
(a  quad  directly  upstream  from  the  scanner).  Parabolic 
dependence  of  measured  beam  profile  (ct^  vs  quad 
strength  k)  is  described  in  Figure  8. 

Halo  Measurement 

Large  dynamic  range  beam  profile  measurements  of  the 
energy  recovered  beam  were  carried  out  in  front  of  the 
extraction  dump.  The  measurements  were  made  with  a 
wire  scanner  and  three  photomultiplier  tubes  located 


60cm  downstream  [4].  Figure  9  shows  the  measured  beam 
profiles  (X  on  right,  Y  on  left)  the  Y  profile  is  consistent 
with  a  Gaussian  distribution  through  five  decades  of  beam 
intensity. 


-flO45-SO-45-4O-»-30>2S-2D 
Wii*  Scnr  Pctfien  (nvn) 


Figure  9:  Beam  halo  (56  MeV,  IpA  beam) 

RF  Transient  Measurement 

Finally,  RF  transients  at  full  charge  were  measured  for 
the  last  cavity  in  South  Linac.  Forward  power  required  by 
the  cavity  with  and  without  energy  recovery  is  shown  in 
Figure  10.  One  can  see  significant  drop  in  forward  power 
in  the  energy  recovery  mode. 


Figure  10:  Forward  power  with/without  energy  recovery 

SUMMARY 

Measured  beam  quality  characteristics  show  no 
degradation  of  the  initial  phase  space  during  the  energy 
recovery  process.  Beam  profile  is  consistent  with  a 
Gaussian  distribution.  Analysis  to  obtain  limits  on  the 
amount  of  beam  halo  is  in  progress.  There  is  expectation 
for  future  R&D  activities  on  Energy  Recovery  at  CEBAF. 
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P.  Castro*,  DESY,  22603  Hamburg,  Germany 


Abstract 

X-rays  play  a  crucial  role  in  the  study  of  structural  and 
electronic  properties  of  matter  on  an  atomic  scale.  With 
high-brilliance  x-ray  sources  high  resolution  imaging  and 
the  observation  of  very  fast  chemical  processes  become 
possible.  A  high-brilliance  x-ray  free-electron  laser  (PEL) 
based  on  linear  accelerator  technology  using  the  princi¬ 
ple  of  self-amplified  spontaneous  emission  (SASE)  appears 
to  be  the  most  promising  approach.  However,  the  high 
electron  beam  quality  required  by  the  SASE  PEL  proeess 
presents  challenges  to  the  linear  accelerator  community. 
Recent  results  obtained  in  several  SASE  PEL  test  facilities 
in  the  visible  and  ultra-violet  ranges  have  demonstrated  the 
viability  of  injector  systems  to  deliver  high  brightness  elec¬ 
tron  bunches  and  longitudinal  compression  schemes  to  ob¬ 
tain  a  few  kA  peak  current  while  preserving  beam  bright¬ 
ness  over  a  small  slice  of  the  bunch  length.  Challenges 
to  new  facilities  reside  in  understanding  the  underlying 
physics  to  extend  the  technology  to  the  x-iay  region  (about 
0.1  nm)  and  in  developing  high-resolution  phase  space  di¬ 
agnostics.  After  a  brief  introduction  to  the  SASE  princi¬ 
ple,  we  review  the  encouraging  results  of  the  recent  exper¬ 
iments  and  present  technical  concepts  to  meet  the  require¬ 
ments  in  the  PEL  facilities  presently  under  construction. 

INTRODUCTION 

There  is  a  large  interest  in  both  the  particle  accelerator 
community  and  the  synchrotron  radiation  users  community 
to  constmct  PELs  operating  in  the  x-ray  region  (about  1  A). 
A  list  of  x-ray  PEL  facilities  presently  planned  is  given  in 
Table  1.  The  scientific  applications  of  x-ray  PEL  radiation 
are  discussed  in  extensive  detail  in  [1, 2,  3, 4]. 


Location 

Facility 

range  [A] 

Referen. 

DESY 

SLAC 

MIT-Bates 

PERMI 

BESSY 

INPN  Rome 

Spring-8 

Daresbury 

TESLA  X-PEL 
LCLS 

X-ray  PEL 
ELETTRA 
SASE-PEL 
SPARX 

SCSS 

4GLS 

0.85-64 

1.5-15 

3-1000 

12-15 

12-600 

15-135 

36 

124 

[1] 

[5] 

[6,7] 

[8] 

[3] 

[9, 10] 
[11] 
[12,4] 

Table  1:  Proposed/planned  x-ray  PEL  facilities  (ordered  by 
minimum  wavelength  reach). 
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X-ray  PELs  will  deliver  photon  beams  with  a  peak  bril¬ 
liance  nearly  ten  order  of  magnitude  larger  than  present  x- 
ray  sources.  These  PELs  are  driven  by  linear  accelerators 
producing  short  bunches  (in  the  order  of  0. 1  ps)  with  nor¬ 
malized  transverse  emittances  of  about  1  mm-mrad.  High 
density  electron  bunches  are  accelerated  to  energies  be¬ 
tween  1 0  and  20  Ge  V  and  travel  through  undulator  magnets 
with  a  length  of  about  100  m.  A  large  part  of  the  increase 
in  photon  brilliance  with  respect  to  present  x-ray  sources  is 
due  to  the  contribution  of  the  undulator  spontaneous  radia¬ 
tion  alone,  since  the  peak  current  inside  the  bunch  is  large 
and  the  undulator  is  relatively  long.  The  spontaneous  syn¬ 
chrotron  radiation  emitted  by  the  bunch  in  the  first  meters 
of  the  undulator  is  amplified  under  the  principle  of  Self- 
Amplified  Spontaneous  Emission  (SASE)  [13,  14].  After 
a  sufficient  length,  the  radiation  power  saturates  on  a  level 
about  5  to  6  orders  of  magnitude  higher  than  spontaneous 
radiation. 

This  type  of  x-ray  source  presents  also  the  property  of 
being  easily  tunable.  The  radiation  wavelength  Ar  of  the 
first  harmonic  of  the  PEL  radiation  [15]  is  related  to  the 
period  length  Au  of  a  planar  undulator  by 


where  7  =  is  the  relativistic  factor  of  the  elec¬ 

trons,  K  =  eB^X^j 21:7x1^0  the  ’undulator  parameter’  and 
Su  the  peak  magnetic  field  in  the  undulator.  Thus,  the  PEL 
wavelength  is  tunable  either  by  changing  the  electron  en¬ 
ergy  in  the  linac  or  by  changing  the  gap  height  of  the  undu¬ 
lator  (and  thus  its  magnetic  field). 

Another  characteristic  of  the  SASE  PELs  is  the  extreme 
short  radiation  pulse.  In  order  to  reach  peak  currents  of 
a  few  keV,  the  bunches  have  to  be  compressed  down  to 
sub-picosecond  lengths.  The  length  of  the  radiation  pulse 
generated  by  these  short  bunches  is  in  the  order  of  0. 1  ps, 
which  allows  the  study  of  very  fast  chemical  and  physical 
piXKiesses. 

The  feasibility  of  SASE  PELs  have  been  proved  at 
infrared,  visible  and  ultraviolet  wavelengths.  Proof-of- 
principle  experiments  on  SASE  PEL  have  been  success¬ 
fully  conducted  in  various  laboratories.  PEL  saturation 
has  been  observed  with  385  nm  in  LEUTL  at  ANL  [16], 
with  840  nm  in  VISA  at  UCLA  [17]  and  with  98  nm  in 
TTPl  at  DESY  [18,  19].  Moreover,  first  user  experiments 
at  VUV  wavelengths  have  been  conducted  [20,  21]  at  the 
TTPl  PEL. 


0-7803-7738-9/03/$  17.00  ©  2003  IEEE 
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ELECTRON  BEAM  REQUIREMENTS 


In  a  SASE  PEL,  lasing  occurs  in  a  single  pass  of  a  rela¬ 
tivistic,  high  quality  electron  bunch  through  a  long  undula- 
tor  magnet.  The  radiation  power  grows  exponentially 
with  the  distance  0  along  the  undulator 

P{z)  =  Po- 

where  Lg  is  the  field  gain  length,  Pq  the  effective  input 
power*,  and  A  =  1/9  in  one-dimensional  PEL  theory  with 
an  ideal  electron  beam.  This  ’’high  gain  mode”  requires  an 
electron  beam  with  transverse  emittances  of  roughly 


where  is  the  normalized  rms  emittance  and  7  is  the 
Lorentz  relativistic  factor  of  the  electron.  Por  a  photon 
wavelength  of  1  A  and  typical  undulator  parameters  the  re¬ 
quired  beam  energy  is  between  10  GeV  and  20  GeV.  At 
these  energies,  the  emittance  required  is  about  1  mm-mrad 
both  in  horizontal  and  vertical  planes.  This  requirement  is 
to  be  fulfilled  by  at  least  part  of  the  beam  or,  rather  to  say, 
by  a  slice  of  the  bunch.  The  so-called  ’slice  emittance’  is 
therefore  the  relevant  parameter. 

At  the  same  time,  the  energy  spread  and  current  of  this 
slice  has  to  fulfill  that 


which  is  the  PEL  parameter  given  by 

47r  \  2meC  I 

where  fig  is  the  permeability  of  vacuum,  I  is  the  peak  elec¬ 
tron  current  and  /?  is  the  mean  value  of  the  beta  function 
in  the  undulator.  Additionally,  p  determines  the  PEL  gain 
length 


^  AttV^P 


(as  given  in  the  one-dimensional  PEL  theory).  Por  SASE 
saturation,  the  undulator  length  must  be  roughly  20  times 
the  gain  length.  Maintaining  a  reasonable  length  for  the 
undulator  poses  a  restriction  on  the  minimum  value  for  p 
and  therefore  for  the  energy  spread  and  peak  current.  Typ¬ 
ical  design  values  for  x-ray  PELs  sxe  as! E  ~  0.05%, 
/  ~  4  kA  and  about  100  m  undulator  length.  A  signifi¬ 
cant  deviation  from  these  parameters  can  cause  a  dramatic 
decrease  on  the  PEL  gain  and  reduce  the  PEL  power  at  the 
exit  of  the  undulator.  An  example  of  the  degrading  effect 
on  the  PEL  gain  due  to  an  increase  of  the  transverse  emit¬ 
tance  in  LCLS  is  shown  in  Pig.  1. 


’The  spontaneous  undulator  radiation  is  used  as  an  input  signal  to  the 
downstream  part. 


Pigure  1:  Development  of  the  photon  beam  power  as  a 
function  of  the  undulator  length  for  various  values  of  the 
transverse  electron  beam  normalized  emittance  at  LCLS. 
(Courtesy  of  S.  Reiche) 


The  requirements  on  low  emittance  and  high  peak  cur¬ 
rent  electron  beam  are  met  with  a  high-brightness  rf  pho¬ 
tocathode  gun  equipped  with  an  emittance  compensation 
solenoid,  plus  bunch  length  compression  in  stages  at  high 
energy,  where  space  charge  effects  are  reduced. 

The  research  and  progress  in  the  technology  and  accel¬ 
erator  physics  of  linear  colliders  have  produced  the  tools 
and  knowledge  necessary  to  control  wakefields  in  order  to 
achieve  acceleration  with  minimal  longitudinal  and  trans¬ 
verse  emittance  dilution. 

Yet  another  requirement  is  the  alignment  of  the  electron 
beam  trajectory  in  the  undulator.  The  electron  beam,  fo¬ 
cused  in  the  undulator  section  to  a  transverse  size  of  about 
0.1  mm,  has  to  be  kept  in  essentially  complete  overlap  with 
the  photon  beam  during  its  passage  through  the  undula¬ 
tor  in  order  to  maintain  maximum  amplification  by  intense 
electron-photon  interactions.  The  straight  trajectory  inside 
the  undulator  can  be  achieved  with  beam-based  alignment. 

fflGH-BRIGHTNESS  INJECTORS 

RP  photoinjectors  have  been  developed  as  the  most  ef¬ 
fective  method  of  achieving  very  bright  electron  pulses.  In 
a  rf  photocathode  gun,  electrons  are  emitted  when  a  laser 
beam  strikes  the  surface  of  the  cathode.  The  cathode  is 
placed  at  the  middle  plane  of  an  rf  cavity  with  very  high 
accelerating  field.  The  rf  field  boosts  the  electron  bunch 
to  relativistic  energies  in  order  to  overcome  the  Coulomb 
forces  that  tend  to  blow  up  the  emittance  (so  called  space 
charge  effect).  As  an  example  for  rf  gun,  the  side  view  of 
the  LCLS  design  of  a  1.6-cell  S-band  gun  [22]  is  shown  in 

Pig.  2. 

The  design  goal  of  rf  photocathode  guns  is  a  3  ps-(rms)- 
long  bunch  of  1  nC  charge  with  a  normalized  rms  emit¬ 
tance  of  1  mm-mrad.  This  corresponds  to  a  peak  current 
of  about  100  A.  These  levels  have  not  yet  been  simultane¬ 
ously  achieved  to  date,  but  most  measurements  reflect  the 
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projected  emittance.  Some  measurements  have  indicated 
sub-mm  mrad  slice  emittance  levels  [23,  24],  but  at  a  re¬ 
duced  charge  of  0.1  —  0.3  nC.  A  review  of  experimental 
results  on  high-brightness  photoinjectors  is  given  in  [25]. 
A  comparison  of  the  brightness  defined  as 


is  shown  in  fig.  3. 
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Figure  3:  Comparison  of  the  brightness  of  various  photoin¬ 
jectors  (from  ref.  [25]). 


LONGITUDINAL  BUNCH  COMPRESSION 

The  peak  current  produced  by  a  low  emittance  gun  is  still 
not  large  enough  in  order  to  reach  saturation  within  a  rea¬ 
sonable  undulator  length.  The  bunch  can  be  longitudinally 
compressed  only  at  ultra-relativistic  beam  energies,  where 
the  space  charge  forces  are  reduced  drastically. 


Bunch  compression  is  typically  achieved  by  accelerat¬ 
ing  the  bunch  off-crest  and  using  a  magnetic  chicane.  The 
off-crest  acceleration  provides  an  energy  chirp  along  the 
bunch  length,  so  that  the  electrons  in  the  head  of  the  bunch 
gain  less  energy  than  the  electrons  in  the  tail.  The  magnetic 
chicane  (for  example,  a  series  of  four  dipole  magnets)  in¬ 
troduces  an  energy  dependent  path  length  (see  Fig.  4)  so 
that  the  chirped  bunch  is  compressed  in  length. 


Figure  4:  Schematic  of  a  magnetic  chicane  for  bunch  com¬ 
pression. 

The  off-crest  acceleration  introduces,  however,  a  non¬ 
linear  energy  correlation  along  the  bunch  train.  For  large 
incoming  bunches  the  effect  is  non-negligible  and  can  lead 
to  the  formation  of  a  large  spike  at  the  head  of  the  bunch  as 
it  is  shown  in  Fig.  5.  It  is  possible  to  compensate  the  non- 
linearities  by  including  a  higher  harmonic  rf  accelerating 
section.  This  has  been  proposed  for  the  first  compressor 
in  TESLA  [27],  in  LCLS  [28]  in  TTF2  FEL  [29]  and  at 
Boeing  [30]. 


Arrr.R  MAONtmr  roMPRR.ss!ON 


Figure  5.  Simulation  results  of  longitudinal  compression 
of  a  long  bunch  including  the  non-linearities  of  the  rf  cur¬ 
vature.  Longitudinal  phase-space  diagram  (left  plot)  and 
profile  (right  plot)  of  the  bunch  after  magnetic  compres¬ 
sion. 

The  off-crest  acceleration  in  the  linac  can  introduce  tim¬ 
ing  jitter.  The  energy-phase  correlation  increases  the  sen¬ 
sitivity  of  the  energy  stability  and  the  final  bunch  length  to 
the  phase  jitter  in  the  photocathode  laser  and  rf  timing.  En¬ 
ergy  jitter  further  increases  the  timing  jitter  due  to  the  path 
length  dependence  of  the  magnetic  chicane. 

At  very  short  bunch  lengths,  the  Coherent  Synchrotron 
Radiation  (CSR)  plays  an  relevant  role  in  the  beam  dy¬ 
namics  inside  the  bunch  compressor  dipoles.  The  power 
dissipated  increases  with  the  square  of  the  number  of  elec¬ 
trons  and  is,  therefore,  several  orders  of  magnitude  larger 
than  the  incoherent  radiation  (see  Fig.  6).  CSR  effects  in 
bunch  compressors  can  have  a  tremendous  impact  on  the 
beam  (see  for  example  [26]).  Radiation  from  the  tail  of 
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the  electron  bunch  can  catch  up  to  the  head  of  the  elec¬ 
tron  bunch  due  to  the  curved  electron  path.  This  radia¬ 
tion  field  interacts  with  the  bunch  while  traveling  through 
the  bending  magnet,  potentially  adding  correlated  eneigy 
spread  and  emittance  to  the  electron  bunch.  The  effect  of 
CSR  maybe  shielded  by  choosing  a  small  enough  vacuum 
chamber  height.  CSR  effects  have  been  extensively  stud¬ 
ied  in  simulations  and  taken  into  account  in  the  design  of 
magnetic  chicanes. 


Wavelength  [nm] 


Wavelength  (nml 


Figure  6;  Radiation  power  spectra  of  the  coherent  and  in¬ 
coherent  synchrotron  radiation.  The  green  dashed  line  in¬ 
dicates  the  cutoff  of  the  vacuum  chamber  dimensions. 

Due  to  all  these  phenomena  described  above,  it  is  prefer¬ 
able  to  utilize  two  or  three  rather  than  one  chicane  and  to 
compress  in  a  multi-stage  regime.  A  multi-stage  bunch 
compressor  presents  the  advantage  of  tuning  the  length  of 
the  FEL  pulse.  This  ability  of  changing  the  radiation  pulse 
length  has  been  demonstrated  at  TTFl  [19].  Indirect  mea¬ 
surements  of  the  radiation  pulse  length  (see  Fig.  7)  indi¬ 
cate  the  possibility  to  vary  the  width  of  the  current  spike 
between  30  fs  and  100  fs  by  changing  the  compressor  set¬ 
tings. 

DIAGNOSTICS 

A  very  important  aspect  for  the  operation  of  S  ASE  FELs 
is  electron  beam  diagnostics.  Various  techniques  have  been 
developed  for  the  measurement  of  bunch  lengths  smaller 
than  1  mm,  and  for  the  measurement  of  the  slice  emittance 
and  energy  spread  of  compressed  bunches. 

A  method  streaking  the  bunch  by  a  transverse  mode  rf 
stracture  has  been  successfully  tested  in  SLAC  [31].  The 
rf  field  deflects  the  bunch  vertically  and  the  beam  is  inter¬ 
cepted  on  a  screen  downstream  the  structure.  The  rf-phase 
is  tuned  so  that  the  head  and  the  tail  of  the  bunch  receive 
a  different  kick  amplitude.  Thus,  the  vertical  profile  of  the 
spot  at  the  screen  corresponds  to  the  longitudinal  profile 
of  the  bunch.  Scanning  the  strength  of  a  quadrupole  al¬ 
lows  a  measurement  of  the  vertical  slice  emittance  along 
the  bunch  length. 

Several  other  methods  to  measure  the  bunch  length  have 
been  investigated.  The  longitudinal  bunch  profile  at  TTFl 


Figure  7:  Spectra  from  ~  40  fs  (top)  and  ~  100  fs(bottom) 
long  FEL  pulses.  The  number  of  longitudinal  optical 
modes  (spikes  in  the  spectrum)  depends  on  the  electron 
bunch  length. 

has  been  measured  using  interferometry  of  coherent  syn¬ 
chrotron  radiation,  longitudinal  phase-space  tomography 
[32]  and  by  the  means  of  a  300-fs-resolution  streak  cam¬ 
era  looking  at  dipole  synchrotron  radiation  [33].  Electro- 
optical  sampling  of  the  near  field  [34]  and  spectroscopy  of 
coherent  infrared  radiation  are  planned  for  TTF2. 

The  diagnotic  block  placed  between  undulator  modules 
requires  a  very  compact  design.  Quadmpoles  are  placed 
on  movable  support  and  precise  beam  position  monitors 
allows  for  beam-based  alignment.  A  three  dimensional 
picture  of  the  diagnostic  block  (including  wirescanners) 
mounted  on  a  stable  support  for  the  TTF2  undulator  sec¬ 
tion  is  shown  in  Fig.  8. 

CONCLUSIONS 

X-ray  FELs  will  have  between  8  to  10  orders  of  mag¬ 
nitude  larger  brilliance  than  present  x-ray  sources.  Proof- 
of-principle  experiments  have  demonstrated  the  capability 
of  injectors  and  linac  to  deliver  high  quality  electron  beam 
that  meet  the  requirements  for  FELs  down  to  80  nm  wave¬ 
lengths  producing  results  in  full  agreement  with  theory.  Al¬ 
though  a  gap  of  a  factor  1000  in  wavelength  remains  to  be 
covered,  a  improvement  on  key  electron  beam  parameters 
of  a  factor  2-3  is  needed  and  is  expected  to  be  achieved. 
In  the  near  future,  TTF2  at  DESY  will  test  the  feasibility 
for  wavelengths  down  to  60  A  and  will  be  the  test-bed  of  a 
broad  range  of  user  experiments. 
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Figure  8:  Diagnostic  block  and  quadmpoles  located  be¬ 
tween  4.5  m  long  undulator  modules  in  TTF2. 
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Abstract 

The  Free-Electron  Laser  process  is  the  interaction  be¬ 
tween  an  electron  beam  and  a  co-propagating  radiation 
field,  resulting  in  a  collective  instability  with  an  exponen¬ 
tial  growth  of  the  radiation  field  and  the  current  modulation 
in  the  electron  bunch.  Although  analytical  models  can  de¬ 
scribe  the  fundamental  FEL  amplification,  the  complexity 
of  the  FEL  process  with  a  multi-particle  system  and  the 
evolution  of  a  radiation  field  demands  numerical  calcula¬ 
tion. 

To  achieve  optimum  performance  the  numerical  solvers 
for  FEL  codes  are  highly  specialized,  using  alternative 
methods  than  standard  PIC  codes.  This  presentation  de¬ 
scribes  the  basic  algorithm  for  FEL  simulations  and  ad¬ 
dresses  in  particular  the  problems  and  limitations  of  sim¬ 
ulating  the  FEL  process. 

INTRODUCTION 

The  FEL  process  is  a  collective  instability  [1]  where 
an  electron  beam  interacts  with  a  co-propagating  radiation 
field,  coupled  by  the  transverse  deflection  due  to  a  periodic 
magnetic  field  of  an  undulator  or  wiggler.  The  output  of  the 
Free-Electron  Laser  depends  on  a  large  parameter  space  of 
input  parameters  ranging  from  the  field  of  the  undulator 
field,  to  the  quality  and  pulse  length  of  the  driving  electron 
beam,  to  the  fluctuation  in  the  initial  position  of  each  elec¬ 
tron.  The  numerics  have  to  be  precise  to  several  orders  of 
magnitude  in  the  Fourier  components  of  the  current  modu¬ 
lation  and  the  amplitude  of  the  radiation  field. 

With  several  Free-Electron  Lasers  planned  or  under  con- 
stmction  [2]  it  is  essential  to  predict  the  performance  as 
accurately  as  possible.  In  the  design  phase  analytical  for¬ 
mulae  [3]  are  efficient  to  find  the  design  parameters  of  the 
FEL,  then  numerical  simulations  can  evaluate  the  choice  of 
these  parameters  and  predict  any  additional  change  in  the 
performance  with  respect  to  the  analytical  model. 

Modelling  of  the  FEL  process  is  challenging  due  to  the 
different  scales  of  the  process.  On  the  one  hand,  the  radia¬ 
tion  and  the  electron  beam  have  to  be  tracked  for  the  undu¬ 
lator  length,  which  can  range  between  one  and  a  few  hun¬ 
dred  meters.  On  the  other  hand,  the  simulation  has  to  re¬ 
solve  electron  motion  well  below  the  radiation  wavelength, 
which  can  range  down  to  1  Angstrom.  The  scale  of  up  to 
12  orders  of  magnitude  makes  the  Particle-in-Cell  approach 
impractical. 

With  the  ongoing  research  of  high-gain  single  pass  Free- 
Electron  Lasers  [4]  over  the  last  20  years,  numerical  codes 


Table  1 :  Free-Electron  Laser  simulation  codes,  showing  the 
number  of  dimensions,  ability  to  do  time-dependence,  and 
harmonics. _ 


Code 

Beam 

Dim. 

Time 

Harm. 

Fast[5] 

Particles 

3D 

Yes 

No 

Felex[6] 

Particles 

3D 

Yes 

No 

Felos[7] 

Particles 

3D 

Yes 

Yes 

Fels[8] 

Particles 

3D 

No 

No 

Fred3D[9] 

Particles 

3D 

No 

No 

FS1T[10] 

Collective 

ID 

Yes 

No 

Genesis  1.3[11] 

Particles 

3D 

Yes 

No 

Ginger[12] 

Particles 

2D 

Yes 

No 

Medusa[13] 

Particles 

3D 

No 

Yes 

Nutmeg  [14] 

Particles 

2D 

No 

Yes 

Perseo[15] 

Particles 

ID 

Yes 

Yes 

Prometeo[16] 

Particles 

ID 

No 

Yes 

Ron[17] 

Collective 

3D 

Yes 

No 

Sarah[18] 

Collective 

ID 

Yes 

No 

TDA3D[19] 

Particle 

3D 

No 

Yes 

have  been  developed.  Most  of  the  time  they  were  limited 
by  the  available  computer  resources  of  their  time  and  the 
wavelength  of  interest.  Long  wavelength  FELs  are  easier  to 
model  because  the  stronger  diffraction  tends  to  “wash-out” 
finer  details  in  the  electron  distribution  and  motion.  But,  for 
VUV  and  X-ray  FELs  the  performance  is  more  sensitive  to 
the  beam  quality,  in  particular  the  beam  emittance  or  ex¬ 
ternal  effects  such  as  undulator  wakefields  [20]  or  errors  in 
the  undulator  field  [21].  In  addition,  the  start-up  from  noise 
(SASE  FEL)  and  the  extension  of  the  wavelength  range  due 
to  harmonics  have  a  growing  interest. 

Table  1  lists  the  features  of  several  Free-Electron  Laser 
codes.  A  beam  description  by  collective  variables  allows  a 
faster  calculation  time  but  the  validity  of  the  output  is  lim¬ 
ited  to  the  start-up  and  linear  regime  of  the  FEL.  Similar,  a 
SASE  FEL  process  can  only  be  simulated  when  the  codes 
covers  time-dependent  variation  of  the  electron  beam  and 
radiation  field. 

In  the  following  sections  we  describe  the  core  algo¬ 
rithm  of  a  FEL  code  and  the  additional  problems  of  time- 
dependent  simulation.  With  the  ongoing  effort  to  better 
predict  the  FEL  output  the  simulations  has  been  extended 
to  cover  the  entire  process  from  the  generation  of  the  elec¬ 
tron  bunch  to  the  delivery  of  the  FEL  radiation  to  the  ex¬ 
perimental  station,  where  the  FEL  process  is  only  a  part  of 
the  start-end  simulation  [22],  The  last  section  covers  this 
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final  topic. 

CORE  ALGORITHM 

With  a  few  exceptions,  the  fundamental  assumption  of 
all  Free-Electron  Laser  simulation  codes  is  that  the  interac¬ 
tion  between  the  electrons  and  the  radiation  field  is  negli¬ 
gible  over  one  undulator  period.  A  significant  effect  has  to 
be  accumulated  over  many  periods,  restricting  the  interac¬ 
tion  to  a  narrow  frequency  bandwidth  around  the  resonant 
wavelength  of  the  Free-Electron  Laser.  The  electron  mo¬ 
tion  is  averaged  over  one  undulator  period,  eliminating  the 
requirement  to  resolve  each  period  with  multiple  integra¬ 
tion  steps.  In  fact,  the  integration  step  size  can  be  chosen 
to  be  a  fi-action  of  the  gain  length  [23]  of  the  Free-Electron 
Laser.  This  is  beneficial  for  short  wavelength  FELs,  where 
the  number  of  undulator  periods  is  large  in  comparison  to  a 
long  wavelength  FEL,  but  the  number  of  gain  lengths  and, 
thus,  the  number  of  integration  steps  remains  the  same. 

The  natural  selection  of  a  narrow  bandwidth  due  to  the 
resonance  approximation,  allows  to  expand  the  radiation 
field  around  the  dominant  oscillation  exp[iA:(2-cf)],  where 
k  is  the  wave  number  of  the  resonance  wavelength.  The 
change  in  the  field  amplitude  A  is  small  compared  to  this 
oscillation  and  the  field  equation  is  simplified  by  the  parax¬ 
ial  approximation  to 


where  is  the  coupling  coefficient  between  the  electron 
beam  and  the  radiation  field,  is  the  undulator  parameter, 
7  is  the  electron  energy  and  0  =  (fc  -I-  ku)z  -  ct  is  the  pon- 
deromotive  phase  of  the  electron  with  k^  as  the  undulator 
wavenumber  and  fio  as  the  magnetic  permeability. 

Because  the  continuous  amplitude  A  cannot  be  described 
numerically  in  full  detail,  the  field  is  either  represented  by 
a  finite  set  of  grid  points  or  a  set  of  orthonormal  functions. 
The  first  approach  is  the  most  common  and  the  field  equa¬ 
tion  is  solved  by  standard  Finite-Difference  methods  [24]. 

For  SASE  FELs,  which  starts  from  the  spontaneous  ra¬ 
diation  at  the  beginning  of  the  undulator,  the  source  term 
in  the  right  hand  side  of  Eq.  1  has  strong  fluctuations  in  the 
transverse  direction  before  the  process  of  transverse  coher¬ 
ence  smooth  out  the  transverse  bunching  profile.  In  this  ini¬ 
tial  stage  many  higher  modes  couple  with  the  beam  with  al¬ 
most  equal  strength.  Thus,  the  growth  rate  in  the  calculated 
power  depends  strongly  on  the  number  of  available  modes 
or  grid  points.  This  artifact  arises  from  the  fact  that  the  inte¬ 
gration  step  size  and  the  grid  size  determines  the  frequency 
interval  and  solid  angle  in  which  the  spontaneous  radiation 
is  emitted  [25].  In  the  limit  of  infinitely  small  step  sizes 
and  grid  spacing  the  full  power  of  the  spontaneous  radiation 
would  be  included  by  the  simulations.  For  X-ray  FELs,  the 
initial  power  level  of  the  higher  modes  can  mask  the  expo¬ 
nential  growth  of  the  spontaneous  radiation  emitted  in  the 
coherent  solid  angle  of  the  FEL  radiation.  Fig.  1  shows  the 
evolution  of  the  radiation  power  in  the  near  field  for  the  3D 


code  Genesis  1.3  and  the  2D  code  Ginger.  The  difference 
in  the  power  level  of  these  codes  is  apparent.  The  number 
of  modes  is  about  a  factor  of  200  higher  in  Genesis  1.3  than 
in  Ginger.  The  amount  of  total  power  for  the  3D  case  is  in 
good  agreement  with  the  theory  ([25]). 


Figure  1:  Radiation  power  in  near  field  zone  for  the  3D 
code  Genesis  1.3,  the  2D  code  Ginger  and  the  theoretically 
resolved  power,  using  the  grid  dimension  and  integration 
step  size  as  in  the  Genesis  1 .3  run. 


The  integration  of  the  equations  of  motion  for  the 
macro  particles,  resembling  the  phase  space  distribution 
of  the  electron  beam,  typically  uses  a  simple  and  sta¬ 
ble  solver  such  as  4th  order  Runge-Kutta  or  Predictor- 
Corrector  methods  [26].  External  effects  such  as  wake 
fields  [27]  or  the  energy  loss  due  to  the  emission  of  the 
spontaneous  radiation  [28]  are  applied  by  pre-calculated 
values  or  analytical  formulae.  A  self-consistent  description 
would  render  the  calculation  speed  of  the  highly  special¬ 
ized  case  of  the  Free-Electron  Laser  interaction  intractable. 

For  SASE  simulations  the  codes  must  supply  the  correct 
statistics  in  the  current  fluctuation  of  the  electron  bunch. 
Averaging  over  many  shots,  the  phase  of  the  bunching  fac¬ 
tor  b  =<  exp[i0]  >  should  be  a  uniform  distribution,  while 
the  absolute  square  follows  a  negative  exponential  distri¬ 
bution,  with  a  mean  value  of  the  inverse  of  the  number 
electrons  [29].  The  number  of  macro  particles  is  typically 
much  smaller  than  the  number  of  electrons  to  be  modelled. 
Pure  random  phases  of  the  macro  particles  would  yield  too 
strong  of  fluctuation  in  the  current  and,  thus,  too  high  emis¬ 
sion  levels  of  the  spontaneous  radiation. 

To  avoid  the  noise  statistics  problem  the  loading  of  the 
phase  space  distribution  is  split  into  three  steps.  The 
first  step  fills  all  dimensions  except  for  the  ponderomo- 
tive  phase,  which  is  equivalent  to  the  longitudinal  position. 
Typically  a  quiet  start  method  [30]  is  applied,  based  on 
the  generalize  bit-reverse  technique  of  the  Halton  sequence 
[31]. 

In  the  second  step  the  longitudinal  phase  is  added,  ei¬ 
ther  by  an  equidistant  distribution,  a  random  number  gen¬ 
erator  or  a  Halton  sequence,  but  it  fills  only  one  out  of 
bins  in  the  ponderomotive  phase  between  0  and  27r.  Then 
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the  entire  6D  distribution  is  copied  into  the  remaining  bins. 
Each  macro  particle  and  its  —  1  mirror  particles  form  a 
beamlet.  The  bunching  factor  of  each  beamlet  is  ensured 
to  be  zero  due  to  the  mirror  procedure.  The  choice  of  nt 
also  determines  the  validity  of  the  higher  harmonics  in  the 
bunching  factor.  The  calculated  value  is  physically  mean¬ 
ingful  only  for  harmonics  up  to  -  l)/2  [33]. 

Therefore  the  minimal  requirement  is  four  bins  if  only  the 
fundamental  radiation  (rih  =  1)  is  considered  in  the  simu¬ 
lation. 

The  last  step  models  the  fluctuations  in  the  particle  po¬ 
sitions.  The  Penman  algorithm  [32]  adds  a  random  offset 
from  a  uniform  distribution  to  each  macro  particle.  The 
width  of  the  uniform  distribution  depends  on  the  number 
of  electrons  to  be  simulated.  A  further  improvement  is  the 
method  of  complex  harmonic  phasors  [33],  which  also  re¬ 
produces  the  correct  statistic  for  the  higher  harmonics  in 
the  bunching  factor. 

Fig.  2  shows  the  basic  flow  diagram  for  the  majority  of 
FEL  codes.  Steady-state  codes  have  the  grey  parts  omitted. 


Figure  2:  Algorithm  for  FEL  simulations.  Additions  for 
time-dependent  simulations  are  marked  with  grey  boxes. 


TIME-DEPENDENT  SIMULATION 

A  computationally  efficient  method  is  the  steady-state 
simulation,  where  any  longitudinal  variation  in  the  electron 
beam  parameter  of  radiation  field  is  excluded.  However, 
the  efficiency  comes  at  a  price:  less  physics  is  included. 
The  simulation  covers  only  a  single  slice  with  a  thickness 
of  one  radiation  wavelength.  The  effect  of  slippage  is  not 
sufficiently  covered  because  the  periodic  boundary  condi¬ 
tion  in  the  longitudinal  direction  feeds  the  forward  propa¬ 
gating  radiation  field  back  into  the  same  slice. 

Any  simulation  of  longitudinal  variation  in  the  electron 
beam,  including  the  initial  fluctuation  of  the  electron  posi¬ 
tions  for  the  SASE  operation  of  an  FEL,  require  incorpo¬ 
rating  slippage  effects  in  the  simulation.  For  this  purpose 
the  electron  bunch  and  the  radiation  field  are  sampled  with 
multiple  slices  of  constant  spacing.  A  fully  consistent  de¬ 
scription  would  keep  all  slices  in  the  memory  at  once.  Be¬ 
cause  each  slice  has  about  10000  macro  particles  and  the 
total  number  of  slices  can  easily  exceed  100000  for  short 
wavelength  FELs,  the  high  memory  demands  could  only 
be  fulfilled  by  a  massive  parallel  computer  architecture. 

The  memory  problem  is  solved  by  assuming  a  “quasi”- 
periodic  situation  of  the  radiation  field  and  electron  beam. 


The  simulation  is  split  into  steady-state  simulation  over  a 
short  subsection  of  the  undulator  and  advancing  the  radi¬ 
ation  field  to  the  next  electron  slice.  For  a  giving  spac¬ 
ing  At  the  length  of  the  steady-state  integration  is  Az  = 
(Au/A)cAf.  Because  the  information  is  propagated  only 
in  the  forward  direction,  the  simulation  can  start  with  the 
fifist  electron  slice  at  the  tail  of  the  electron  bunch.  After 
each  integration  length  Az  the  radiation  field  is  temporary 
stored  in  memory  or  on  the  hard  disk.  After  the  slice  is  fully 
propagated  through  the  undulator,  the  next  electron  slice  is 
loaded  and  seeded  with  the  radiation  field  in  memory.  The 
radiation  field  is  again  stored  for  the  next  slice  after  the  in¬ 
tegration  distance  Az.  Using  this  method  the  number  of 
slices  do  not  impose  a  limit  on  the  memory.  The  maximum 
required  information  is  the  sampled  radiation  field  with  a 
spacing  of  At  over  the  full  slippage  length  of  the  FEL. 

This  sequential  integration  along  the  electron  bunch 
from  the  tail  to  the  head  introduces  several  restrictions  for 
the  validity  of  the  simulation: 

First  a  strong  impact  of  steady-state  integrations  has  to 
be  avoided  by  a  frequent  advance  of  the  radiation  field. 
Typically  the  occurring  spikes  in  the  radiation  profile  have 
to  be  resolved  with  enough  slices,  which  is  equivalent  to 
the  statement  that  Az  has  to  be  much  smaller  than  the  FEL 
gain  length  or  that  the  sampling  of  the  radiation  field  can 
resolve  the  entire  FEL  bandwidth  in  the  frequency  domain. 

Second,  the  seeding  for  the  first  slice  is  unknown  if  only 
a  subsection  of  the  electron  bunch  is  simulated.  This  results 
in  invalid  field  values  over  the  first  slippage  length.  There¬ 
fore  the  total  time  window  -  the  product  of  the  number  of 
slices  and  the  spacing  At  -  must  be  larger  than  the  slippage 
length. 

Third,  the  gain  is  reduced  if  the  mean  energy  of  the  elec¬ 
tron  slice  deviates  from  the  resonant  energy  of  the  central 
wavelength,  as  it  is  the  case  of  an  electron  beam  with  an 
energy  chirp  [34].  The  problem  is  solved  by  a  smaller  spac¬ 
ing  of  the  slices,  which  is  equivalent  to  a  larger  frequency 
bandwidth  of  the  FEL  simulation. 

START-END  SIMULATION 

The  initial  conditions  of  the  electron  beam  or  radia¬ 
tion  beam  are  often  more  complicated  than  are  described 
by  a  few  parameters  such  as  mean  and  rms  values  of  the 
6D  phase  space  distribution.  In  addition.  X-ray  Free- 
Electron  Lasers  have  co-operation  lengths  [35]  shorter  than 
the  bunch  length.  Different  parts  of  the  bunch  amplify  the 
radiation  independently.  Projected  quantities  such  as  the 
emittance  of  energy  spread  loose  the  merit  of  describing 
the  beam.  Instead  sliced  values  are  of  relevance  with  a  slice 
thickness  given  by  the  co-operation  length.  Fig.  3  shows 
the  input  phase  space  distribution  for  the  LCLS  X-ray  FEL 
and  the  output  radiation  profile  of  the  FEL  from  a  start-end 
simulation.  The  shape  of  the  distribution  denies  a  parame¬ 
terization  of  the  beam  profile  with  mean  energy  and  energy 
spread  values,  because  the  FEL  performance  depends  crit¬ 
ically  on  the  explicit  shape  of  the  distribution  in  energy. 
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To  predict  the  performance  of  a  Free-Electron  Laser  re¬ 
quires  an  effort  to  model  the  entire  PEL  process,  starting 
from  the  electron  bunch  creation  to  the  experimental  sta¬ 
tion  for  the  laser  light.  Because  the  entire  process  cannot 
be  simulated  by  a  single  code,  a  chain  of  specialized  codes 
are  used.  The  interface  between  the  codes  is  the  exchange 
of  entire  particle  or  field  distributions,  or  if  the  distribution 
is  simple  enough,  a  list  of  mean  and  rms  values  of  the  dis¬ 
tribution. 

The  following  is  a  list  of  the  major  components  of  the 
start-end  simulation  chain  and  the  emphasize  of  the  phys¬ 
ical/numerical  problems,  addressed  by  the  codes.  The 
codes,  listed  here,  have  been  used  in  context  of  modelling 
existing  and  future  Free-Electron  Lasers. 

In  the  rf  photo  electron  gun  the  electrons  experience  a 
strong  acceleration  from  being  at  rest  to  a  highly  relativistic 
motion.  The  space  charge  forces  of  the  generated  electron 
beam  determines  the  slice  emittances.  Point-point  calcula¬ 
tion  scales  with  the  square  of  the  macro  particle  numbers, 
which  imposes  a  limit  for  the  acceptable  number  of  parti¬ 
cles.  RF  gun  codes  execute  faster  when  the  space  charge 
field  is  evaluated  on  a  grid.  The  grid  filters  out  high  fre¬ 
quency  components,  which  would  otherwise  yield  a  strin¬ 
gent  restriction  on  the  integration  step  size.  The  parti¬ 
cles  are  tracked  to  an  energy,  where  the  space  charge  field 
has  a  negligible  impact.  Codes,  already  successfully  used 
in  start-end  simulations,  are  PARMELA  [36]  and  ASTRA 
[37]. 

The  propagation  of  the  beam  through  the  linac  uses  stan¬ 
dard  tracking  methods  such  as  matrix  multiplication,  in¬ 
cluding  higher  order  effects.  The  support  of  Wakefields  are 
essential  for  a  complete  simulation  of  the  beam  transport. 
The  overall  execution  time  is  fast  compared  to  other  codes 
in  the  start-end  simulation,  but  due  to  the  large  set  of  in¬ 
put  parameters  such  as  field  strength  of  each  magnet  or  the 
phase  and  amplitude  of  each  rf  cavity,  the  optimization  pro¬ 
cess  is  rather  complex.  Due  to  its  scripting  capability,  EL¬ 
EGANT  [38]  is  useful  tool  for  this  task. 

Although  ELEGANT  has  an  analytical  model  of  the  co¬ 
herent  S)mchrotron  radiation  [39]  in  a  bend,  the  process  of 
bunch  compression  in  a  magnetic  chicane  can  be  calculated 
in  more  detail  with  the  specialized  code  Trafic4  [40];  the 
price  is  an  execution  time  comparable  to  time-dependent 
FEL  simulations. 

Time-dependent  simulations  have  been  described  in  the 
previous  chapter.  For  a  complete  picture  of  the  beam 
d3mamics  within  the  undulator,  the  following  processes 
should  be  included  in  the  simulations:  undulator  wake- 
fields,  energy  loss  by  the  emission  of  spontaneous  radia¬ 
tion,  the  increase  of  the  energy  spread  due  to  the  quantum 
fluctuation  [41]  in  the  emission  of  spontaneous  radiation. 
The  codes  FAST,  GINGER  and  GENESIS  1.3  are  capable 
of  modeling  the  above  and  are  used  in  a  start-end  simula¬ 
tion. 

The  incorporation  of  the  propagation  of  the  FEL  radia¬ 
tion  through  the  beam  line  optics  is  currently  under  devel¬ 
opment  [42].  Various  programs  exist,  which  can  advance  a 


single  amplitude/phase  front  of  the  output  radiation.  How¬ 
ever  the  output  of  time-dependent  FEL  codes  is  a  lattice 
of  these  wavefronts,  creating  a  3D  grid  of  the  radiation 
field.  Optical  elements  such  as  gratings  or  monochroma¬ 
tors  would  require  the  Fourier  transformation,  the  calcula¬ 
tion  of  the  Green’s  function  for  the  optical  element  and  then 
the  inverse  Fourier  transformation  to  get  back  the  field  in¬ 
formation  in  time  domain.  While  the  time-dependent  FEL 
simulations  sequentially  calculate  the  radiation  field  with¬ 
out  having  the  entire  field  in  memory,  it  is  essential  for  the 
Fourier  transformations.  To  limit  the  memory  demand  a 
filter  function  might  be  necessary  to  reduce  the  amount  of 
information  in  the  field. 


Figure  3.  Initial  phase  space  distribution  at  the  entrance 
of  the  LCLS  undulator  (top  graph)  and  radiation  profile  at 
the  exit  of  the  FEL  (bottom  graph),  based  on  a  start-end 
simulation  for  the  LCLS  X-ray  FEL. 


CONCLUSION 

Numerical  tools  are  invaluable  for  the  modeling  of  high- 
gmn  Free-Electron  Lasers,  because  they  extend  the  capa¬ 
bility  to  model  realistic  cases  with  many  input  parameters. 
The  algorithm  deviates  from  standard  PIC  codes  due  to  the 
extreme  scale  of  the  FEL  process.  While  the  undulator 
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length  is  up  to  100  m  long,  the  field  and  electron  distri¬ 
bution  has  to  be  resolved  on  a  sub- Angstrom  level. 

Various  PEL  codes  exist,  following  similar  approachs  to 
model  the  PEL  interaction.  With  the  ongoing  growth  in 
computational  speed  and  memory,  the  codes  have  become 
capable  of  handling  more  complex  cases  with  a  finer  detail 
of  description  and  more  macro  particles  and  grid  points. 

Besides  the  continuous  improvement  in  the  algorithm  of 
the  PEL  codes,  the  interface  with  other  accelerator/non- 
reL  codes  has  been  improved.  This  allows  to  simulate 
the  entire  process,  starting  from  the  rf  gun  to  experimen¬ 
tal  station,  using  the  PEL  light.  However,  these  start-end 
simulations  are  complex  and  require  an  experienced  user 
for  each  code  in  the  simulation  chain. 
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APPLICATIONS  OF  THE  CANCELLATION  EFFECT  IN  CSR  STUDIES 

R.  Li,  Jefferson  Lab,  Newport  News,  Virginia,  USA* 


INTRODUCTION 

The  cancellation  effect  in  the  dynamics  of  relativistic 
beams  on  a  curved  trajectory  is  studied  in  Ref.  [1]  based 
on  the  canonical  formulation  of  the  dynamics  equations 
and  retarded  potentials.  In  this  paper,  we  first  discuss 
in  a  coherent  manner  various  applications  of  the  cancel¬ 
lation  effect,  such  as  a  coasting  beam,  a  short  bunch  in 
steady-state  interacting  with  off-orbit  particles,  transient 
self-interaction  of  a  short  bunch  entering  a  circular  orbit 
from  a  straight  path,  and  a  converging  beam  in  a  bunch 
compression  chicane.  Next,  spectrometer  measurement 
and  Landau  damping  in  microbunching  process  are  dis¬ 
cussed  based  on  new  dynamics  equations  which  explicitly 
use  the  cancellation  effect. 


REVIEW  OF  THEORY 

According  to  Ref.  [1],  for  a  relativistic  charged  bunch 
moving  on  a  curved  trajectory  with  curvature  k(s),  the  first 
order  equation  for  the  particle’s  horizontal  motion  is  (r  = 
i?-fa;and7i(s)  =  1/k(s)):  • 


_x _ 1  / 

'  R"  ~  ^  V 


AE{t) 


+ 


where  AE{t)  —  E{t)  —  Eq  is  the  deviation  of  the  kinetic 
energy  E  from  the  design  energy  Eq,  and  is  the  hor¬ 
izontal  Lorentz  force  (or  Talman’s  force  [2])  due  to  bunch 
collective  interaction  on  the  curved  path: 

2:^01  ^  jrcscF_|_j,eff  pcscF  ^  ^ 

’  r  ~  r 

where  i^cscF  “centrifugal  space  charge  force”  (using 
retarded  potentials),  and  A$  =  The  change  of 

E  follows 

—  =  F  •  v/c  =  — e - 1- 

cdt  '  cdt 

and  thus  after  integration  one  gets  AE/r  in  Eq.  (1) 


AE  AE^°\to)  1 
r  r  r 


f  Ff{t')cdt'-e—  (4). 

to  ^ 


with  AF“'(fo)  —  —  Fq.  The  effective  forces 

in  Eqs.  (2)  and  (4)  are 


where  dx  and  dt  only  act  on  $  and  A\  in  the  interaction 
Lagrangian 

•  This  work  was  supported  by  the  U.S.  DOE  Contract  No.  DE-AC05- 
84ER40I50. 


Ct'  =  -e($“'-X:/3A^A).  (6) 

A 

Here  =  ga  •  q  for  q  being  /3  or  A,  with  ga  the  Frenet- 
Seiret  bases.  Using  retarded  potentials,  and  ex¬ 
hibit  logarithmic  dependence  on  the  particles’  transverse 
position  in  bunch  due  to  local  interaction  singularities. 
However,  since  locally  the  nearby  particles  are  nearly  par¬ 
allel  in  motion  for  ultra-relativistic  bunches,  there  is  rel¬ 
ativistic  cancellation  bewteen  the  local  interaction  contri¬ 
butions  to  Af  in  Eq.  (2)  and  to  in  Eq.  (4).-  Simi¬ 
lar  cancellation  also  occurs  bewteen  and  in 
in  Eq.  (6).  Thus  the  effective  forces  in  Eq.  (5)  are  donS- 
nated  by  contributions  from  the  long-range  interactions  and 
are  basically  free  from  the  logarithmic  behavior.  After  in¬ 
serting  Eqs.  (2)  and  (4)  into  Eq.  (1),  and  letting  G™s  = 
e(Af '  -  $“‘)/r,  one  gets 


dPx  X  1  /A£‘°‘  1  /•* 


Ff  +  Ff  +  Gr,,y 


For  short  bunches  on  a  circular  path,  (Xz/R  1,  we  have 
[1]  0(G„3)  «  0{Ff)  «  G(Ff ).  Hence  in  Eq.  (7) 
is  practically  negligible. 


CANCELLATION  IN  VARIOUS  CASES 


Note  the  horizontal  dynamics  is  driven  by  both  AE/r 
and  FJ”’  in  Eq.  (1),  and  the  cancellation  is  between  the  log¬ 
arithmic  potentials  in  each  of  these  two  driving  terms.  In¬ 
cluding  one  term  without  the  other  may  lead  to  unrealistic 
results. 

in  a  Storage  Ring 

The  importance  of  F™'  in  a  storage  ring,  due  to  the  col¬ 
lective  contribution  of  the  single  particle  generated  radia¬ 
tion  (or  acceleration)  fields  on  the  curved  path,  was  first 
pointed  out  by  Talman  [2].  If  only  in  Eq.  (1)  is  in¬ 
cluded  without  the  AE/r  term,  the  drastic  dependence  of 
(due  to  Ag®’  in  Eq.  (2))  on  the  particles’  transverse 
position— as  shown  in  Fig.  1  of  Ref.  [2]— could  lead  to  hor¬ 
izontal  tune  shift  and  chromaticity  and  contribute  to  the  ap¬ 
pearance  of  nonlinear  resonances  (Fig.  2  of  Ref.  [2]).  How¬ 
ever,  this  effect  of  eAf/r  in  of  Eq.  (2)  is  basically 
cancelled  by  the  effect  of  in  AFl /r  of  Eq.  (4). 

Cancellation  for  a  Line  Coasting  Beam 

The  cancellation  effect  was  first  pointed  out  by  Lee  [3] 
for  a  coasting  beam  when  both  the  two  driving  terms  in 
Eq.  (1)  are  included.  For  the  line  coasting  beam  example 
{fis  =  1)  in  Ref.  [3],  one  gets  for  x  =  r  -  RmAw  —  x/R 
(R:  radius  of  equilibrium  orbit) 

C  =  -  Af)  =  eA$ 
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R 
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which  yields 
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-In -g-l  + 2W'  +  wln-  +  ---|  ,(11) 
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2Ae 
'  R 


-'”8  +  2  +  2”’8 


AE 

~W 


-col 


+  F“‘  = 


R 


+  f5. 


(13) 


Note  that  is  a  centrifugal  force  with  a  divergent  gradi¬ 
ent  9F“'/9a;  ~  —2Xe/Rx.  In  contrast,  the  effective  radial 
force  has  negligible  gradient  compared  to  9a; 


dFf  ^  2Ae  /  1  1  w 

dx  R  \2R  2iJ™  8 


(14) 


Here  the  constant  part  of  serves  to  readjust  the  equilib¬ 
rium  orbit  for  each  particle 


{E  +  e^^')\R-Eo 
R 


+  Ff{R)  =  0. 


(15) 


Non-inertial  Space  Charge  Force 

We  now  turn  to  short  bunches.  For  a  steady-state  line 
bunch  on  a  circular  orbit  with  uniform  charge  distribution 
acting  on  off-orbit  particles,  the  longitudinal  electric  field  is 
given  by  Eq.  (5)  of  Ref.  [4],  in  which  the  second  term  gives 
the  non-inertial  space  charge  force  i^NSCF  jj-  pm\ 
included  in  Eq.  (1),  the  kinetic  energy  change  AE  induced 
by  could  cause  extra  emittance  growth  in  addition  to 
that  caused  by  the  usual  CSR  forces,  as  shown  in  Figs.  7- 
13  of  Ref.  [4].  However,  studies  show  [5]  that  F'^^cf  jg 
— e  term  in  Eq.  (3).  Thus  once  is  included  on 

the  equal  footing  as  AE/r  in  Eq.  (1),  the  integrated  effect 
of  F'^scf^  or  — in  Eq.  (4),  is  actually  cancelled  by 
the  e4>‘^°*/r  term  in  of  Eq.  (2). 


Transient  Longitudinal  Force 

For  a  rigid-line-bunch  entering  a  circular  orbit  from  a 
straight  path,  the  longitudinal  collective  force  on  the  parti¬ 
cles  is  given  by  Eq.  (87)  of  Ref.  [6]: 


^^^==T^{z,R,d)  +  T2{z,R,e)  (16) 

where  for  K  =  — 2e^/(3JZ^)^/^  and  ze  =  Rj9^/2A, 


Tx  = 
T2  = 


K[X{z~ze)-X{z-Aze)]/zy\ 
dz'  dX{z') 


K 


f 

J  Z—Z 


{z  —  2:')  1/3  dz' 


(17) 

(18) 


with  R  the  radius  of  the  circular  orbit,  z  =  s  —  fid  the 
longitudinal  position  of  the  particle  in  the  bunch,  A  the  lon¬ 
gitudinal  charge  density,  and  6  the  angle  of  the  bunch  into 


the  bend.  Sometimes  in  CSR  simulations,  Eq.  (16)  is  used 
to  calculate  AE  in  Eq.  (1)  and  the  consequent  effect  on  the 
bunch  horizontal  dynamics  without  as  another  driving 
term  for  Eq.  (1).  Comparing  with  Eq.  (3),  one  finds  a  part 
of  dE{z,  <j>)/cdt  in  Eq.  (16)  is  related  to  the  potential  en¬ 
ergy  change.  Thus  the  integrated  effect  of  —ed^’^^/cdt 
in  Eqs.  (3)  or  (16) —  which  contributes  to  — e$“'/r  in 
Eq.  (4) —  is  actually  cancelled  by  in  Eq.  (2)  once 

is  included  in  these  simulations.  After  the  cancella¬ 
tion,  the  horizontal  dynamics  is  governed  by  the  effective 
forces  as  in  Eq.  (7).  For  example,  compared  to  Eq.  (16), 
the  effective  longitudinal  force  at  entrance  of  a  bend  is 

Ff{z,e)  =  T!,{z,e)  +  T2{z,0)  (19) 


with  T2  in  Eq.  (18),  and  T[{z,  6)  derived  using  Ref.  [7] 


T[{z,e)- 


/*00 

■  /  dz' 
Jza 


dX{z  —  z') 


dz' 


2sm^ie/2) 


x/{z'  -  Azg)^  +  [i?(l  -  cos0)/7]2 


.  (20) 


Converging  Beams  in  Chicanes 

For  a  4-bend  bunch  compression  chicane,  the  maximum 
compression  often  occurs  during  the  drift  before  the  last 
bend,  where  the  hard  compression  could  cause  significant 
potential  energy  change  which  further  in¬ 

creases  the  kinetic  energy  spread  as,  as  given  in  Eq.  (4). 
If  only  AE/r  is  used  in  Eq.  (1)  without  one  would 
conclude  [8]  that  significant  emittance  growth  could  result 
from  this  Acr^  as  the  bunch  passes  the  4th  bend.  How¬ 
ever,  in  Eq.  (4)  is  actually  cancelled  by  that  in  Eq.  (2). 
Thus  according  to  Eq.  (7),  the  horizontal  dynamics  in  the 
4-th  bend  depends  on  the  canonical  energy  offset  AF*®'  at 
the  entrance  of  the  bend,  in  addition  to  the  effective  forces. 
This  AF‘®'  is  only  changed  by  F^^  generated  from  the  pre¬ 
vious  bend,  but  not  by  the  beam  convergence  in  the  drift. 

NEW  DYNAMICS  EQUATIONS 


Using  (x,  x',  z,  6)  as  dynamical  variables,  and  s  as  an 
independent  variable,  with  S=  {E—Eq) /Eq,  the  complete 
first  order  equations  of  motion  for  dynamics  in  the  bending 
plane  are  ( fc^(s)  is  the  focusing  strength) 


dx 

ds 

dx' 

ds 

dz 

ds 


X 


R{s) 


(21) 


Here  the  local  (nearby  particle)  interaction  contributions  to 
the  longitudinal  and  transverse  collective  Lorentz  forces, 
and  F“',  need  to  be  computed  carefully;  and  their  ef¬ 
fects  on  the  bunch  d)Tiamics  eventually  get  cancelled  im¬ 
plicitly  as  Eq.  (21)  is  integrated  over  time.  Using  equations 
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in  Sec.  2,  one  can  have  the  following  new  description  of  the 
dynamics  with  the  cancellation  effect  explicitly  expressed 

f 

ds 


—  =  -klx  +  + 


Ff  +  G„ 


where  Gres  —  c(j4“’  —  and  (x,x',z,Sjf)  are 

the  new  dynamical  variables  with  =  [(£  +  6$“')  - 
Fo]/Eo  {H  =  £  +  e$™’  is  the  Hamiltonian  conjugate  to 
t).  For  short  bunches  <  R),  G^s  is  negligible;  and 
and  in  Eq.  (22)  are  mainly  dominated  by  the  long 
range  interactions.  For  a  coasting  line  beam  [3],  G^s  is 
comparable  to  .  However,  the  logarithmic  singularities 
in  Af'  and  in  are  still  cancelled. 

To  study  the  microbunching  instability  in  a  bunch 
compression  chicane,  we  change  the  dynamical  variables 
{x,x  ,z,Sjj)  to  {J,ij),z,5ij)t  with  J, ^  the  action-angle 
variables,  z  the  initial  longitudinal  position  of  a  particle  in 
the  bunch  and  5h  the  initial  uncorrelated  canonical  energy 
offset  for  zero  effective  forces 

X  =  \/2  J/3(s)  cos[^  -H  ij)o{s)]  +  DxSh 

^  ~]f^ +  ipo(s)]  -I-  a(s)  cos[i)  -h  ipo{s)]} 
+D>xSh 

^  ~  ~F)'xX  +  Dxx'  -f  £  -h 

.  5h  =  6h  -uz 

(23) 

with  I3{s)  and  a{s)  the  designed  twiss  parameters  in  the 
horizontal  phase  space,  u  the  initial  linear  5-z  correlation 
imposed  on  the  bunch  by  an  RF  cavity,  and  [9] 

_  /•«  ^g!  _ 

Dx{s)  =  y//3{s)  __y^^^sin['0o(s)  - 

r.  (24) 

Converting  Eq.  (22)  to  equations  for  the  new  variables, 
we  have  the  Vlasov  equation  for  the  distribution  function 
p{J,rp,z,SH,s) 

dp  Ff  F'ff 

with  dp  dp  ^  dp  do 

^^d^  -  ^^^Wz  + 

B  =  -\h^  +  h^+Dx^.+uDx^], 
dJ  dip  dz  dSnl 


fi{J,ip,s)  = 
f2{J,1p,s)  = 


/2J^(s)  sm[ip  +  ipois)], 
/I3{s)/2J  cos[ip  +  t/io(s)], 


t?i  -^i/i  Dxfi,  V2  —  D'^f2  —  Dxf2  (27) 

where  j  =  9/i,2/5s  and  D'^  =  dDx/ds.  At  steady- 
state,  the  effective  forces  yield  impedances  [9] 

^  /-I  (28) 

^  +  1.631). 

For  (fciJ)t/3  »  1,  one  has  OiZf)  <  0{Zf). 

DISCUSSIONS 

Eq.  (22)  shows  that  the  dispersion  effect  is  related  to  the 
canonical  eneigy  offset  5h  instead  of  the  kinetie  energy 
offset  5.  This  is  because  in  Eq.  (21),  contains 
(as  in  Eq.  (2))  which  represents  the  dispersion.effect  for  the 
potential  energy  e^'o’/Eo.  just  as  S/R{s)  in  Eq.  (21)  repre¬ 
sents  the  dispersion  effect  for  the  kinetic  energy  5.  Conse¬ 
quently,  for  a  single  bend  spectrometer,  due  to  the  existence 
of  Talman’s  force  Ff ,  the  horizontal  particle  distribution 
from  the  spectrometer  measurement  is  actually  related  to 
the  canonical  energy  spread  instead  of  the  kinetic  energy 
spread.  These  measurements  also  include  effects  of  Fif 
and  Ff.  Therefore  the  spectrometer  data  needs  to  be  care¬ 
fully  interpreted  when  the  collective  interactions  are  strong, 
especially  when  the  potential  energy  spread  is  no  less  than 
that  of  the  kinetic  energy  spread. 

Fbr  an  achromatic  bending  system,  the  initial  Sn{so)  in 
Eq.  (22)  does  not  directly  cause  emittance  growth.  How¬ 
ever,  Sh{so)  could  play  a  role  of  Landau  damping  in  the 
microbunching  process.  Previous  studies  [9]  of  the  mi¬ 
crobunching  in  a  chicane,  based  on  Eq.  (21)  assuming 
Fx°^  =  0_und  =  0,  show  Landau  damping  due  to 
p{J,ip,z,S,0).  However,  with  F“'  0  and  0, 

Eqs.  (25)-(28)  show  that  it  is  really  p{J,  ip,  z,  5h,0)  which 
causes  the  decoherence  for  the  microbunching  process. 
Here  the  distribution  over  6h  at  Sq  needs  to  be  carefully 
determined.  The  effect  of  transient  F^^  and  F^^  in  Eq.  (25) 
will  be  further  studied. 

The  author  thanks  Ya.  S.  Derbenev  for  helpful  discus¬ 
sions. 
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Abstract 

For  the  users  of  the  high-brightness  radiation  sourees  of 
free-electron  lasers  it  is  desirable  to  reduce  the  PEL  pulse 
length  to  10  fs  and  below  for  time-resolved  pump  and  probe 
experiments.  Although  it  can  be  achieved  by  eonventional 
compression  methods  for  the  electron  beam  or  the  ehirped 
FEE  pulse,  the  teehnical  realization  is  demanding.  In  this 
presentation  we  study  the  impaet  of  longitudinal  wakefields 
in  the  undulator  and  how  their  properties  ean  be  used  to 
reduced  the  amplifying  part  of  the  bunch  to  the  desired 
length.  Methods  of  actively  controlling  the  wakefields  are 
presented. 


INTRODUCTION 

With  the  realization  of  the  4th  generation  light  sources 
LCLS[1]  and  TESLA  FEL[2]  in  the  X-ray  regimes,  new 
experiments  in  various  fields  of  science  will  beeome 
possible[3].  In  partieular,  there  is  an  interest  in  short  x-ray 
pulses  for  femto-chemistry  or  imaging  of  single  molecules. 
The  design  pulse  lengths  of  the  afore  mentioned  X-ray 
FELs  are  too  long  (e.g.  230  fs  for  LCLS)  for  these  classes 
of  experiments,  which  require  a  pulse  length  of  around  10 
fs. 

In  general,  undulator  wakefields  degrade  the  FEL 
performance!?]  by  shifting  parts  of  the  bunch  outside  the 
FEL  energy  resonanee  condition.  Because  the  cooperation 
length  of  an  X-ray  FEL  is  small,  undulator  wakefields  have 
a  ‘local’  effect  on  the  electron  bunch.  As  a  consequence, 
spontaneous  radiation  is  amplified  only  for  those  parts  of 
the  bunch  where  wakefield  energy  loss  is  compensated  by 
undulator  tapering.  In  this  paper,  we  investigate  the  wake- 
field  effects  (Sec.  )  and  how  different  current  profiles  or 
vacuum  chamber  materials  ean  be  used  to  achieved  short 
FEL  pulses  (Sec. ).  The  discussion  is  centered  on  the  LCLS 
projeet  (70  =  280774,  Ip  =  3.4  kA,  e„  =  1.2  mm-mrad 
and  cr.^  =  6  •  %)  [1]. 

WAKEFIELDS  EFFECTS 

Wakefields  are  generated  by  the  electron  bunch  as  it 
passes  through  the  undulator  vaeuum  chamber.  The  ampli¬ 
tude  is  determined  by  the  dimensions  and  properties  of  the 
chamber.  The  electrons  leave  a  trailing  eleetric  field,  which 
influences  the  succeeding  partieles.  The  dominant  wake- 
field  is  the  resistive  wall  wakefield  due  to  a  finite  electric 
conductivity  a  of  the  chamber  wall.  Other  types  of  wake¬ 
fields  arise  from  changes  in  the  vacuum  chamber  geometry 
[5]  or  surface  roughness  [6].  For  typical  LCLS  parameter 
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their  amplitudes  are  two  orders  of  magnitude  smaller  than 
the  resistive  wall  wakefields.  Although  these  wakes  have 
no  impact  on  the  FEL  pulse  length,  they  are  included  in  the 
simulations  for  completeness. 

The  interaction  strength  of  the  resistive  wall  wakefields 
is  expressed  by  the  single  particle  wake  potential[4] 


Ws{z)  ■- 


4cZo 

'37ri?2 


/  ^ 

r  -i 

1  e<  cos 

1 

V 

L  CJ 

Vis 


/ 


a;6-|-8 


(1) 

where  the  bunch  tail  is  in  the  direction  x  <  0,  c  is  the  speed 
of  light,  Zo  is  the  vacuum  impedance,  R  is  the  beam  pipe 
radius  and 


c  = 


2B? 


Zo<T 


(2) 


is  the  characteristic  length  of  the  resistive  wall  wake  po¬ 
tential.  In  the  ultra-relativistic  approximation,  proceed¬ 
ing  eleetrons  are  not  influenced  by  the  electron  and  thus 
Ws(z  >  0)  =  0. 

For  the  LCLS  design  case  with  a  radius  of  ii  =  2.5  mm 
and  a  copper  plated  chamber  cr  =  5.8  ■  10^  the 

characteristic  length  ^  =  8.3  /xm  is  an  order  of  magnitude 
smaller  than  the  LCLS  bunch  length. 


Figure  1 :  Wake  potential  for  copper,  steel  and  graphite  vac¬ 
uum  chambers  (dotted,  dashed  and  solid  line,  respectively) 
and  a  3.4  kA  step  profile. 

The  single  particle  wake  potentials  are  convoluted  with 
the  current  profile.  If  the  profile  exhibits  any  stmcture  on 
a  scale  compared  to  or  smaller  than  the  characteristic  size 
of  the  single  particle  potential,  the  total  wake  potential  is 
strongly  enhanced  by  this  coherence  effect.  As  an  exam¬ 
ple,  Fig.  1  shows  the  total  wake  potential  for  the  LCLS 
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uniform  step  profile  and  different  eondueting  materials  for 
the  vacuum  chamber,  assuming  the  expected  parameters  for 
the  geometric  and  surface  roughness  wake.  The  potential  is 
dominated  by  the  resistive  wall  Wakefields  and  the  location 
of  the  transition  minimum  is  approximately  the  Character¬ 
istic  length  C  away  from  the  head  (z  =  0).  Within  the 
transition  region  of  the  first  15  fim,  the  wake  potential  has 
a  minimum  value  of  -250  keV/m  before  it  levels  out  at  -30 
keV/m  for  the  main  part  of  the  buneh. 

The  undulator  wakefields  are  distinguished  from  the 
Wakefields  in  the  main  linac,  because  they  effect  the  PEL 
proeesses  dynamically  by  changing  the  electron  energy 
during  the  PEL  interaction.  While  these  wakefields  are 
similar  to  the  incoherent  emission  of  undulator  radiation, 
the  energy  change  varies  along  the  bunch  in  the  case  of 
wakefields.  A  specific  energy  loss  rate  dy/ds  is  compen¬ 
sated  only  by  an  undulator  field  taper  given  by,  duu/ds  = 
(a„+l)/ (7«u)rf7/ ds  with  s  the  position  within  the  undula¬ 
tor  and  ttu  =  eBrms'^u/27rmc  the  dimensionless  undulator 
parameter,  Brms  the  rms  magnetic  field  on  axis,  and  A„  the 
undulator  period.  Due  to  the  variation  in  the  wake  poten¬ 
tial  only  parts  of  the  bunch  remains  in  resonance  with  the 
field.  The  ‘local’  amplification  is  degraded  if  the  electrons 
are  shifted  outside  the  acceptance  of  the  PEL  bandwidth 
before  reaching  saturation.  The  acceptance  for  any  energy 
loss  rate  dj/ds  is  given  by 

cfr  _  ‘yo-u  dttu 
ds  a^  +  1  ds 

where  p  is  the  PEL  parameter[8]  and  is  the  undulator 
period. 

Por  LCLS,  the  bandwidth  is  100  keV/m  around  the  com¬ 
pensated  energy  gradient.  In  the  standard  case  of  the 
copper-plated  vacuum  chamber,  the  head  of  the  bunch  does 
not  radiate  because  the  local  wake  potential  lies  outside  the 
acceptance  of  100  keV/m. 

On  the  other  hand,  if  the  acceptance  bandwidth  is  cen¬ 
tered  around  a  unique  value  of  the  wake  potential  by  a 
proper  choice  of  the  undulator  taper,  then  only  a  short  sub¬ 
section  of  the  bunch  can  be  selected  for  lasing.  In  the  fol¬ 
lowing  we  discuss  different  conducting  materials  or  bunch 
profiles  and  how  they  can  be  used  to  achieved  short  PEL 
pulses. 

CURRENT  PROFILES 

In  the  following  we  analyse  several  current  profiles  and 
determine,  how  suitable  they  are  for  achieving  short  PEL 
pulses.  We  also  consider  steel  or  graphite  as  the  vacuum 
chamber  material,  as  the  standard  case  of  copper  is  not  suf¬ 
ficient  enough  to  achieve  short  PEL  pulses. 

The  wake  potential  for  copper,  steel  and  graphite  are 
shown  in  Pig.  1.  Por  copper  most  of  the  wake  potential  lies 
within  the  acceptance  of  100  keV/m,  except  for  the  large 
amplitude  at  the  head  of  the  bunch.  By  tapering  for  the 
maximum  energy  loss  most  of  the  bunch  would  not  satu¬ 
rate.  The  minimum  amplitude  of  about  250  keV/m  cone- 
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Pigure  2:  PEL  pulse  at  undulator  exit  for  different  overall 
taper  of  0.2%,  0.4%  and  0.6%  (solid,  dashed  and  dotted 
line,  respeetively).  The  wake  potential  is  based  on  a  step 
profile  and  a  graphite  vacuum  chamber. 


sponds  to  an  overall  taper  of  0.2%  of  the  magnetic  field. 
The  size  of  the  pulse  is  about  16  pro.  for  tapers  between 
0.16%  and  0.2%.  Weaker  taper  gradients  gradually  split 
the  pulse  into  two.  As  for  copper  the  taper  for  a  steel  vac¬ 
uum  chamber  has  to  eompensate  the  minimum  of  the  wake 
potential  (400  keV/m)  to  achieve  a  single,  short  PEL  pulse. 
The  pulse  length  is  20  pm  or  larger  because  the  wake  min¬ 
imum  is  less  eurved  (C  =  29  pm)  than  for  copper:  The 
area,  which  lies  within  the  aceeptance  bandwidth,  is  longer. 
Por  copper  and  steel  it  is  required  to  compensate  the  max¬ 
imum  of  the  wake  potential.  Otherwise  the  energy  loss 
is  compensated  for  more  than  one  region  of  the  electron 
bunch,  resulting  in  multiple  radiation  pulses  per  electron 
bunch.  A  graphite  vacuum  chamber  generates  large  wakes 
amplitudes  and  the  wake  potential  is  monotonie  for  ampli¬ 
tudes  between  0  and  1.2  MeV/m.  Because  the  slope  of  the 
wake  potential  is  steep  around  the  compensated  gradient, 
it  crosses  the  acceptance  bandwidth  over  a  short  distance, 
which  is  in  strong  contrast  to  copper  and  steel,  where  a 
“wide”  maximum  lies  in  the  aeceptanee  bandwidth.  The 
resulting  PEL  pulse  length  is  below  5  fs  PWHM  and  insen¬ 
sitive  to  the  taper  gradient  (Pig.  2). 

Gaussian  current  profiles  at  LCLS  are  impractical  for 
achieving  short  PEL  pulses  by  using  wakefields.  Due  to 
the  smooth  profile  the  wake  potential  has  no  large  transient 
at  the  head  of  the  buneh.  In  addition  the  wake  potential 
for  graphite  is  not  as  steep  as  for  the  step  profile,  limiting 
the  minimum  achievable  pulse  length  to  25  fs  fqr  an  rms 
electron  bunch  length  of  15  /xm. 

Profiles  with  a  steep  rising  edge  and  an  exponential  drop 
(7(z)  =  lQ&cp[z/a^])  performs  slightly  better  than  the 
step  profile.  The  width  of  the  maximum  for  copper  and 
steel  is  further  redueed  by  the  asymmetry  in  the  current, 
where  one  side  has  a  shorter  gain  length  due  to  the  higher 
current.  Pig.  3  shows  the  results  for  two  rms  beam  sizes 
of  10  pm  and  20  pm.  Although  the  10  pm  case  does  not 
reach  saturation  because  the  effective  current  was  below  3 
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Figure  3:  FEL  pulse  at  undulator  exit  for  different  bunch 
lengths  of  the  exponential  current  profile  (20  /rm  rms  size 
-  solid  line,  10  /rm  rms  size  -  dashed  line). 


Figure  4:  FEL  pulse  and  current  profile  (solid  and  dashed 
line,  respectively)  at  undulator  exit,  based  on  a  start-end 
simulation. 


kA  the  FEL  pulse  length  is  10  fs  FWHM  without  the  need 
to  change  the  vacuum  chamber  material  for  the  LCLS  de¬ 
sign  case  to  a  poorer  conducting  material. 

Simple  profiles,  as  discussed  in  the  previous  paragraphs, 
are  very  unlikely  to  be  generated,  because  space  charge, 
rf  curvature,  wakefields,  and  coherent  synchrotron  radia¬ 
tion  in  the  compressor  affect  the  electron  beam  quality  be¬ 
fore  the  beam  is  injected  into  the  undulator.  To  estimate 
a  realistic  profile  a  start-end  simulation  is  employed,  us¬ 
ing  PARMELA  and  ELEGANT,  to  generate  a  fully  6  di¬ 
mensional  phase  space  distribution,  which  is  imported  into 
GENESIS  1.3  and  propagated  through  the  undulator.  In 
the  LCLS  standard  case  with  rf  curvature,  wakefields  and 
two  stages  of  bunch  compression,  the  simulation  predicts 
large  spikes  in  the  current  distribution  at  the  head  and  tail 
of  the  bunch.  While  the  tail  spike  has  no  impact  for  our 
discussion,  the  head  spike  has  a  width  shorter  than  10  mi¬ 
crons  while  the  peak  current  reaches  almost  15  kA.  This 
spike  has  less  than  10%  of  the  total  charge  but  it  dou¬ 
bles  the  wake  amplitude  for  a  copper-plated  vacuum  cham¬ 
ber  as  compared  to  a  uniform  distribution.  The  maximum 
resistive-wall  wakefield  amplitude  is  500  keV/m.  Although 
the  beam  current  does  not  drop  below  3.5  kA,  the  emittance 
and  energy  spread  in  this  region  is  large  enough  to  inhibit 
the  FEL  amplification.  Choosing  an  overall  taper  of  0.4% 
results  in  a  FEL  pulse  length  of  5  fs  FWHM  as  shown  in 
Fig.  4.  The  pulse  length  is  insensitive  up  to  a  15%  variation 
in  the  current  or  taper.  In  addition,  the  higher  peak  current 
allows  a  higher  saturation  power  than  for  the  step  profile. 

CONCLUSION 

It  has  been  shown  that  the  combination  of  undulator 
wake  potentials  and  undulator  field  taper  can  select  a  short 
subsection  of  the  bunch  to  reach  saturation.  The  use  of 
a  poor  conductor  (e.g.  graphite)  as  the  vaeuum  chamber 
material  allows  for  a  much  more  stable  operation.  The  dis¬ 
advantage  is  that  the  FEL  cannot  operate  in  short  and  long 


pulse  mode  without  changing  the  vacuum  chamber. 

Another  solution  is  to  manipulate  the  current  profile.  If 
edges  or  spikes  with  a  size  smaller  than  the  characteristic 
length  of  the  wakefield  are  present,  the  wakefield  amplitude 
is  locally  enhanced.  The  selection  by  the  acceptance  band¬ 
width  of  the  field  taper  gets  shorter.  The  pulse  length  can 
be  further  reduced  if  the  beam  properties  such  as  current, 
energy  spread  or  emittance  varies  over  the  selected  part  of 
the  bunch. 

Start-end  simulation  has  shown  for  the  LCLS,  it  is  pos¬ 
sible  to  achieve  an  x-ray  pulse  length  of  10  fs  or  shorter.  It 
requires  a  modest  tapering  of  0.5%. 
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Abstract 

The  FERMI  proposal  is  an  initiative  from  ELETTRA, 
INFM  and  other  Italian  institutes,  to  construct  a  single¬ 
pass  FEL  user-facility,  to  be  located  next  to  the  third- 
generation  synchrotron  radiation  facility  ELETTRA  in 
Trieste,  Italy.  For  the  initial  phase,  the  project  aims  for 
lasing  from  100  nm  to  10  nm,  with  the  use  of  the  existing 
1 .2-GeV  S-band  linac.  As  a  next  step,  the  accelerator  sys¬ 
tem  should  be  extended  to  reach  1.2  nm.  In  all  stages, 
reliability  and  flexibility  are  of  importance.  That  is,  seed¬ 
ing  schemes  are  considered  to  improve  the  SASE  output. 
In  addition,  users  of  this  new  source  will  have  full  control 
over  both  wavelength  and  polarization  of  the  radiation. 

The  initiative  is  a  response  to  the  Italian  government's 
call  for  proposals  for  a  multi-puipose  pulsed  laser  X-ray 
source.  In  anticipation  of  a  positive  decision,  the  Sincro- 
frone  Trieste  has  initiated  the  ELETTRA  Linac  FEL  pro¬ 
ject  (ELF),  i.e.,  an  R&D  project  to  facilitate  a  quick  and 
effective  implementation  of  the  first  step  of  FERMI.  Here, 
we  describe  the  main  features  of  the  project.  Emphasis  is 
given  to  the  implementation  and  initial  steps  and  the  ELF 
project. 

INTRODUCTION 

FERMI® ELETTRA  is  a  research  and  development 
proposal  for  the  constmction  of  a  single-pass  FEL  user- 
facility  for  the  Vacuum  Ultra-Violet  (VUV)  to  the  X-ray 
spectral  region,  i.e.,  from  100  nm  (12  eV)  to  1.24  nm 
(1  keV).  It  is  foreseen  to  build-up  this  machine  in  three 
successive  stages,  aiming  for  lasing  from  100  nm  to  40 
nm,  from  40  nm  to  10  nm,  and  from  10  nm  to  1.24  nm, 
respectively.  The  first  two  stages  are  based  on  use  of  the 
existing  1.2-GeV  linac.  For  the  latter  stage,  the  energy  of 
the  linac  will  be  extended  up  to  3.0  GeV.  An  artist  impres¬ 
sion  of  project  is  given  in  Fig.  1 . 

The  FEL  is  intended  to  operate  as  a  user-facility. 
Hence,  the  target  capabilities  and  specifications  have  been 
defined  in  close  collaboration  with  potential  users  [1]. 
The  most  important  machine  properties  are: 

•  An  S-band  accelerator  with  advanced  feedback  and 
feed-forward  systems  to  improve  the  stability 

•  High-power  short  optical  pulses  (-100  fs)  with  a 
high  pulse-to-pulse  reproducibility 

•  APPLE  II  type  undulators  to  enable  flexible  tuning 
of  both  the  wavelength  and  the  polarization 

•  Implementation  of  seeding  schemes  for  further  stabi¬ 
lization  of  the  FEL  process 


Figure  1:  Overview  of  the  ELETTRA  laboratory-site  after 
coit^letion  of  the  FERMI  project.  In  the  center  and  top 
are  the  buildings  in  place  today.  On  the  left,  the  undulator 
hall  and  the  experimental  hall  are  an  extension  of  the  ex¬ 
isting  linac  tunnel.  The  linac  extension  on  the  right  per¬ 
mits  an  extension  of  the  spectral  range  from  10  to  1.2  nm. 


Table  1:  FERMI@ELETTRA  machine  parameters 


Stage  1+2 

stages 

Wavelength  (nm) 

100/40/10 

1.2 

Peak  brightness* 

0.1/0.3/0.9 

55 

Peak  power  (GW) 

2.3/1.8/0.75 

3.0 

Beam  Energy  (GeV) 

1.2 

3.0 

Norm,  emittance  (mm-mrad) 

2.0 

2.0 

Peak  current  (kA) 

0.6 

2.5 

Rms  e-beam  pulse  length  (fs) 

250 

160 

Charge  per  pulse  (nC) 

0.38 

1 

Energy  spread  (%) 

0.05 

0.05 

Repetition  frequency  (Hz) 

10 

10-50 

FEL  parameter  p  (10”^) 

4.8/3.2/1.6 

1.2 

Gain  length  (m) 

0.7/0.8/1.3 

2.6 

’  (ph/s/mmVmradV0.1%B'W)(xl0“) 


The  key-parameters  are  summarized  in  Tab.  1.  To  en¬ 
sure  effective  operation,  the  machine  will  be  built  using  a 
progressive  approach  where  users  will  gain  access  to  the 
machine  in  an  as  early  as  possible  stage.  Feedback  from 
this  approach  is  then  used  to  refine  the  design  for  the  suc¬ 
cessive  stages  of  the  project. 

While  the  project  waits  for  funding  the  ELETTRA  Li¬ 
nac  FEL  project  (ELF)  has  been  initiated.  ELF  is  an  R&D 
project  to  facilitate  a  quick  and  effective  implementation 
of  the  first  step  of  the  FERMI  proposal  with  the  use  of  the 
existing  1.2-GeV  linac.  As  a  final  goal,  ELF  aims  to  reach 
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both  lasing  and  initial  user  experiments  in  the  wavelength 
range  from  100  nm  to  10  nm  with  a  single  undulator-line. 
For  the  longer  wavelength-target,  the  electron  beam  en¬ 
ergy  will  be  reduced  from  1.0  to  0.5  GeV  as  compared  to 
the  original  proposal.  The  electron  beam  parameters  for 
the  shortest  wavelength  target  remain  identical  to  the  ones 
quoted  in  Tab.  1. 

Presently,  the  ELF  project  focuses  on:  (1)  a  more  de¬ 
tailed  implementation  of  the  plans  proposed  for  the 
FERMI  project,  (2)  a  further  build-up  of  expertise  in  areas 
beneficial  to  FEL  development  and  (3)  steps  for  imple¬ 
mentation  of  the  FEL.  There  is  special  attention  to  steps, 
necessary  to  enhance  the  parameters  of  the  ELETTRA 
linac  to  a  regime  necessary  to  facilitate  FEL  R&D. 

ELF  PROJECT 

The  existing  65.5-m  long,  1.2-GeV  linac  [2]  forms  an 
ideal  starting-point  for  a  linac-based  FEL.  It  is  located  in 
a  110-m  long  underground  tuimel  and  consists  of  S-band 
stmctures,  each  individually  controlled.  An  overview  of 
the  infrastrueture  is  given  in  Fig.  2. 

The  normal  operating  mode  of  the  linac  is  a  10-Hz 
repetition  of  800  ns  RF-pulses.  The  maximum  achievable 
energy  is  1.2  GeV.  Presently  the  linac  serves  as  injector 
for  the  ELETTRA  storage  ring.  Typically,  this  service 
requires  1.5  hours  of  dedicated  operation  per  day.  The 
remaining  time  is  available  for  FEL  development  and 
operation.  In  addition,  a  full  energy  booster  is  under  con¬ 
struction  [3].  The  present  time-schedule  foresees  comple¬ 
tion  of  this  project  in  2005,  after  which  the  linac  will  be 
dedicated  to  FEL  activities  only. 

For  the  ELF  project,  we  aim  for  lasing  in  successive 
steps  at  100,  40  and  10  mn.  Specifications  are  summa¬ 
rized  in  Tab.  2.  To  transform  the  linac  into  a  suitable  FEL 
driver,  several  tasks  need  to  be  performed:  (1)  replace¬ 
ment  of  the  existing  electron  beam  source  with  a  low- 
emittance  injector,  (2)  modification  of  the  electron  beam 
optics,  including  bunch  compressor  systems,  to  increase 
the  peak  current  and  performance,  (3)  installation  of  an 
undulator  line,  and  (4)  installation  of  additional  electron- 
beam  and  photon-beam  diagnostics  to  monitor  the  ma¬ 
chine  performance  in  each  stage.  Additionally  there  is  a 
special  interest  in  a  FEL  seeding  scheme  for  the  initial 
phase  of  the  project. 


Table  2:  ELF  target  parameters 


Wavelength  Target  (nm) 

100 

40 

10 

Peak  brightness*’* 

0.1 

0.7 

7.7 

Peak  power  (GW)  * 

0.7 

1.3 

3.8 

Beam  Energy  (GeV) 

0.5 

0.7 

1.0 

Norm,  emittance  (mm-mrad) 

2.0 

2.0 

1.5 

Peak  current  (kA) 

0.6 

1.0 

2.5 

Rms  e-heam  pulse  length  (fs) 

667 

400 

160 

Charge  per  pulse  (nC) 

1 

1 

1 

Energy  spread  (%) 

0.1 

0.1 

0.1 

Repetition  frequency  (Hz) 

10 

10 

10 

RMS  Undulator  Strength* 

1.95 

2.6 

4.0 

Undulator  Gap  (mm)  * 

12 

14 

21 

Average  P  function  (m) 

7.6 

7.6 

7.6 

EEL  parameter  p  (10"^)* 

2.0 

1.8 

1.6 

Saturation  Length  (m)* 

19 

21 

24 

■  (ph/s/mmVmradV0.1%BW)(xl0“), 

*  Planar  undulator  field 

RF  Photo  Injector 

The  present  injector  utilizes  a  thermionic  triode,  which 
does  not  perform  sufficiently  for  lasing  at  even  the  long¬ 
est  wavelength.  Hence,  a  second  injector  with  improved 
capabilities  will  be  installed.  The  original  gun  must  re¬ 
main  operational  to  guarantee  injection  into  the  storage 
ring.  For  the  new  electron  beam  source,  three  rf  photo¬ 
cathode  guns  are  under  consideration:  (1)  a  high  bright¬ 
ness  photo-injector  of  the  BNL/SLAC/UCLA  type  [4],  a 
2.6  cell  gun  developed  at  the  TUE  [5],  and  a  higher-order 
mode  1-cell  cavity  presently  developed  by  Lewellen  at 
the  APS  [6].  For  any  of  the  options,  both  the  timing- 
structure  and  the  driving  laser,  are  close  to  the  ones  cho¬ 
sen  for  the  LCLS  project  [4],  i.e.,  1  nC  with  a  10  ps  flat- 
top  profile.  For  an  optimum  performance,  there  is  empha¬ 
sis  on  transverse  and  longitudinal  laser  pulse-shaping 
techniques.  The  driving  laser  will  be  located  adjacent  to 
the  linac  tunnel  in  an  existing  shielded  area,  see  Fig.  2. 

A  schematic  overview  of  the  injector  is  presented  in 
Fig.  3.  Initially  it  can  be  installed  as  a  stand-alone  test 
stand  and  connected  to  the  main  linac  during  one  of  the 
regular  shutdown  periods.  The  design  of  the  diagnostic 
section  (emittance  and  energy  spread)  is  such  that  it  pro¬ 
vides  sufficient  resolution  and  can  be  fitted  into  the  space 
required  for  the  emittance  compensation  scheme.  Slight 
modifications  to  the  design  are  still  necessary  and  depend 
on  the  final  choice  of  the  RF  photo  cathode  gun. 


Figure  2:  Overview  of  the  existing  linac  tunnel.  The  marked  areas  are:  location  of  a  RF  photo-injector  test  stand  (1),  a 
shielded  area  for  the  driving  laser  (2),  and  free  area  to  facilitate  the  installation  of  an  undulator  and  moving  of  accelera¬ 
tor  modules  (3).  The  area  on  the  bottom  right  (4)  leads  to  the  injection  point  of  the  storage  ring.  The  klystron  area  is 
located  above  the  linac  tunnel. 
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Figure  3:  Schematic  layout  of  the  injector:  (F)  faraday 
cup,  (P)  pepper  pot,  (Q)  quadrupoles,  (S)  screens,  and  (V) 
vacuum  valves.  The  Faraday  cup  on  the  right  indicates  the 
position  of  the  first  accelerator  cavity.  The  beam-line  at 
the  bottom  enables  use  of  the  present  thermionic  gun. 


Linear  Accelerator  Section 


The  only  modifications  to  the  structure  of  the  linac  are 
the  relocation  of  one  accelerating  section  to  allow  for  the 
introduction  of  magnetic  bunch-compressors  and  addi¬ 
tional  diagnostics.  Similar  to  the  photo-injector,  all  activi¬ 
ties  can  be  executed  during  normal  shutdown  periods 
without  interfering  with  ELETTRA  operations. 

For  initial  lasing  at  100  nm,  it  is  foreseen  to  start  with 
modest  peak-currents.  Hence,  the  demands  for  the  mag¬ 
netic  bunch  compression  system  are  relaxed  and  a  single 
compression-stage  at  an  energy  of  120  MeV  is  sufficient. 
In  this  phase,  even  a  third  harmonic  cavity  to  enhance  the 
compression  efficiency  is  not  strictly  necessary  though  it 
would  permit  a  more  flexible  manipulation  of  the  electron 
beam.  For  lasing  at  shorter  wavelengths,  it  will  be  neces¬ 
sary  to  install  such  a  system.  Especially  for  lasing  at  10 
nm  the  target  peak  current  is  more  challenging  and  a  3"* 
harmonic  cavity  in  combination  with  a  second  compres¬ 
sion  stage  is  mandatory. 


Undulator  Section  and  Seeding 

The  undulator  section  will  consist  of  a  6.5-m  period 
pure  FODO  lattice  with  2.48-m  long,  4-cm  period  undula- 
tors.  The  undulator  period  is  chosen  identical  to  the  undu¬ 
lator  designated  for  the  second  phase  of  the  FERMI  pro¬ 
posal.  Consequently,  the  electron  beam  energy  for  the 
initial  phase  of  the  project  will  be  reduced  to  allow  lasing 
at  100  nm. 

The  final  undulator  design  is  still  under  consideration. 
For  the  downstream  sections,  APPLE  II  type  of  undula- 
tors  will  be  used  to  allow  a  flexible  tuning  of  both  the 
wavelength  and  polarization.  The  period  is  a  compromise 
between  a  compact  design  (shorter  period)  and  the  com¬ 
plexity  of  manufacturing  (longer  period).  The  choice  of 
the  upstream  sections  of  the  undulator  depends  on  the 
desired  operational  mode  of  the  FEL  which  is  still  under 
discussion:  (1)  a  pure  SASE  mode  of  operation  or  seeding 
with  a  conventional  low-power  laser  on  a  sub-harmonic, 
or  (2)  lasing  with  the  aid  of  a  HGHG  seeding  scheme  [7]. 


For  the  former  option,  a  variable  gap  planar  undulator 
with  identical  period  can  be  used.  The  latter  requires  the 
construction  of  a  sub-harmonic  undulator. 

For  both  types  of  seeding  schemes,  conventional  laser 
systems  are  available.  Seeding  on  a  sub-harmonic  is  com¬ 
patible  with  a  pure  SASE  mode  of  operation  and,  hence, 
more  straightforward  for  the  initial  phase  of  the  project. 
The  HGHG  scheme  might  prove  to  be  more  cost  effec¬ 
tive.  Both  seeding-schemes  might  suffer  from  the  initially 
anticipated  pulse-to-pulse  jitter  of  the  central  energy  of 
the  electron  beam  that  exceeds  the  gain  bandwidth  of  the 
FEL  and  hence,  the  effectiveness  of  the  seeding  process. 
This  effect  can  be  counter-acted  tvith  the  use  of  a  suffi¬ 
ciently  large  energy-chirped  beam.  Studies  indicate  that 
such  options  are  feasible  within  the  parameter  range  of 
the  ELF  project.  In  such  a  case,  the  third  harmonic  RF 
cavity  will  also  be  mandatory  for  the  initial  phase  of  the 
project  since  it  permits  a  sufficient  flexible  control  of  the 
electron  beam. 


FERMI  PROJECT 

Since  the  target  parameters  of  the  ELF  project  are  com¬ 
patible  with  the  FERMI@ELETTRA  proposal,  the  pro¬ 
jects  can  be  merged  effectively  without  loss  of  capital. 
The  space  available  in  the  present  linac  tunnel  does  not 
permit  the  ELF  to  develop  to  the  status  of  user-facility. 
For  this,  it  is  necessary  to  constmct  a  user-hall,  such  as 
depicted  in  Fig.  1.  Construction  of  such  a  hall,  as  de¬ 
scribed  in  the  FERMI  proposal  [1],  would  thus  form  the 
first  natural  transformation  step.  This  would  also  permit  a 
further  development  towards  of  a  full-scale  next- 
generation  light-source  user  facility,  e.g.,  by  constructing 
parallel  undulator  beam-lines  and  implementing  an  in¬ 
creased  repetition  rate  of  the  system. 
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Abstract 

The  Deep  Ultra  Violet  Free  Electron  Laser  (DUV-FEL) 
experiment  has  reached  a  milestone  by  saturating  the  Free 
Electron  Laser  using  High  Gain  Harmonic  Generation 
(HGHG)  method  in  the  Source  Development  Laboratory 
(SDL)  at  NSLS.  It  utilizes  the  10  m  long,  3.9  cm  period 
NISUS  wiggler.  The  goal  of  the  project  is  to  produce 
radiation  at  a  wavelength  less  than  100  nm,  utilizing  the 
HGHG  method.  HGHG  at  266  nm  has  been  accomplished 
by  seeding  with  the  800  nm  TiiSapphire  laser  and 
observed  saturation.  The  third  harmonic  at  88  nm 
accompanying  the  266  nm  is  being  used  in  an  ion  pair 
imaging  experiment  in  chemistry.  We  discuss  the 
measurement  of  energy,  gain,  spectrum,  and  pulse  length 
of  the  FEL  output.  We  also  describe  the  diagnostics  used 
for  operating  the  FEL. 

INTRODUCTION 

There  is  a  substantial  interest  in  producing  coherent 
radiation  using  single  pass  FELs  from  Deep-UV  down  to 
the  X-ray  regime  [1].  In  this  article,  we  present  the  first 
demonstration  of  HGHG  FEL  in  the  ultraviolet  at  266  nm 
with  the  seed  laser  at  800  nm.  Previously,  a  proof  of  prin¬ 
ciple  experiment  has  been  done  in  the  IR  regime  at  ATF 
BNL  [2].  In  many  applications  an  FEL  operates  in  Self 
Amplified  Spontaneous  Emission  (SASE)  mode  [3-6].  In 
this  case  the  radiation  starts  firom  shot  noise,  therefore  the 
light  is  not  temporally  coherent  and  the  pulse-to-pulse 
energy  fluctuation  is  big.  In  HGHG  case  [2,7,8]  the  elec¬ 
tron  is  seeded  by  a  conventional  laser,  therefore  the  radia¬ 
tion  inherits  the  properties  of  the  seed  laser,  producing 
excellent  temporal  and  spatial  coherence.  The  energy  and 
central  wavelength  stability  is  limited  by  the  accelerator 
stability  and  the  spectral  bandwidth  is  much  narrower 
than  SASE.  The  pulse  length  of  the  radiation  can  be  con¬ 
trolled  by  the  seed  laser,  thus  enabling  to  produce  ultra- 
short  pulses. 

OVERVIEW  OF  THE  FACILITY 

The  accelerator  consists  of  a  TiiSapphire  laser  system,  a 
1.6  cell  RF  photo-cathode  gun,  4  SLAC-type  linac  tanks 
and  a  4-dipole  chicane  (Fig  1).  A  photo-cathode  RF  gun 
is  illuminated  by  the  tripled  Ti:Sapphire  laser  at  266  nm 
producing  300  pC  charge,  4  ps  FWHM  bunch  length,  and 
a  4.5  MeV  energy  electron  beam  with  normalized  emit- 
tance  of  4-5  pm.  The  first  two  linac  tanks  accelerate  the 
electron  bunch  with  the  second  tank  off-crest  by  26“  to 
introduce  an  energy  chirp.  A  4-dipole  chicane  compresses 
the  bunch  to  about  1  ps  FWHM.  The  third  linac  tank  is 
used  to  remove  the  remaining  energy  chirp  with  additional 
acceleration  and  the  fourth  tank  accelerates  the  bunch  to 
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177  MeV.  This  tank  is  also  used  for  bunch  length  meas¬ 
urements  using  the  zero-phasing  method  [9]. 

HGHG  PROCESS 

The  three  major  components  of  the  experiment  are 
modulator,  dispersive  magnet,  and  radiator.  The  modula¬ 
tor  is  tuned  to  the  wavelength  of  the  seed  laser.  Its  length 
is  0.8  m  and  has  a  period  of  8  cm  with  K  =  1.67.  The  800 
nm  seed  laser  derived  from  the  TiiSapphire  laser  with  9  ps 
FWHM  pulse  length  interacts  with  the  electron  beam. 
This  introduces  an  energy  modulation  in  the  electron 
bunch.  A  local  bump  is  introduced  by  four  trim  magnets  to 
bypass  the  seed  laser  insertion  mirror.  The  Rayleigh  range 
is  estimated  to  be  2.4  m  from  the  beam  sizes  measured  at 
two  pop-in  monitor  locations  in  the  modulator.  Then  the 
dispersion  magnet  converts  the  energy  modulation  into  a 
density  modulation.  The  radiator  is  tuned  to  the  3"*  har¬ 
monic  of  the  seed  laser  at  266  nm.  The  NISUS  wiggler 
(radiator)  is  10  m  long  and  has  3.89  cm  period  and  0.31  T 
peak  field  [10].  The  synchronization  between  the  electron 
beam  and  the  seed  laser  is  established  by  using  a  picosec¬ 
ond  resolution  streak  camera  at  the  end  of  the  beam  line. 
We  obtain  the  temporal  position  of  the  SASE  and  seed 
laser  pulse  with  the  streak  camera  and  adjust  the  delay 
stage  for  proper  synchronization.  The  transverse  align¬ 
ment  is  established  by  overlapping  the  two  beams  on  two 
pop-in  monitors  in  the  modulator.  The  HGHG  output  is 
optimized  for  maximum  coherent  radiation  at  the  begin¬ 
ning  of  NISUS  by  varying  the  dispersion  magnet  current. 
Since  the  seed  laser  pulse  is  longitudinally  chirped,  only  a 
small  part  of  the  bandwidth  is  seen  by  the  electron  beam 
with  a  bunch  length  of  1  ps.  The  wiggler  is  not  long 
enough  for  SASE  fEL  to  saturate  because  the  typical  gain 
length  is  about  0.8-1  m  and  SASE  needs  more  than  20 
gain  length  to  reach  saturation.  Since  HGHG  starts  from  a 
pre-bunched  electron  beam,  the  radiation  process  begins 
coherently  and  saturates  within  the  length  of  the  wiggler. 

DIAGNOSTICS  AND  MEASUREMENTS 

The  NISUS  wiggler  consists  of  16  sections.  Every  sec¬ 
tion  is  equipped  with  a  pop-in  monitor,  a  four-wire  sys¬ 
tem,  and  pancake  magnets.  Pop-in  monitors  utilizing  Ce¬ 
rium  doped  YAG  crystals  are  used  to  monitor  the  electron 
beam  [11].  The  four- wire  system  at  each  section  can  pro¬ 
duce  quadrupole  fields  providing  additional  focusing  and 
a  dipole  field  for  trajectory  corrections.  Pancake  shaped 
magnets  located  at  the  top  and  bottom  of  the  wiggler  pro¬ 
vide  a  vertical  magnetic  field  and  can  be  used  in  horizon¬ 
tal  trajectory  correction  [12,13].  A  fiber  coupled  He-Ne 
laser  is  used  for  alignment  through  NISUS. 
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HG.l:  The  NSLS  DUV-FEL  layout:  1-gun  and  seed  laser  system,  2-RF  gun,  3-linac  tanks,  4-focusing  triplets,  5- 
magnetic  chicane,  6-spectrometer  dipoles,  7-seed  laser  mirror,  8-modulator,  9-dispersive  section,  10-radiator  (NISUS) 

1  I-beam  dumps,  12-FEL  measurement  area. 


The  position  of  the  laser  at  each  monitor  is  recorded  and 
these  positions  are  used  as  a  reference  for  the  electron 
beam  trajectory.  The  position  and  the  beam  size  of  the 
electron  beam  at  each  pop-in  monitor  is  measured  and  the 
trajectory  of  the  beam  is  corrected  using  automated 
MATLAB  and  EPIC  routines.  This  way  we  can  easily 
calculate  the  emittance  and  the  twiss  parameters  of  the 
beam  and  adjust  the  upstream  quadrupole  currents  to  have 
a  proper  matching  into  the  wiggler.  A  number  of  sections 
are  also  equipped  with  the  detectors  to  measure  the  energy 
of  the  EEL.  A  calibrated  joule  meter  is  used  to  measure 
the  total  energy  at  the  exit.  A  high-resolution  spectrometer 
is  used  to  measure  the  spectrum  of  the  SASE  and  HGHG 
light. 

Gain  Measurement 

We  have  two  methods  to  measure  the  gain  of  the  PEL. 
One  is  measuring  the  energy  using  the  detectors  along 
NISUS  and  the  other  is  measuring  the  energy  at  the  exit 
Joule  meter  by  kicking  the  electron  beto  at  different  sec¬ 
tions  using  the  pancake  magnets.  Both  methods  are 
proven  to  be  consistent  with  each  other. 

Fig  2  shows  the  energy  of  the  HGHG  outputs  as  a  func¬ 
tion  of  the  distance  in  the  wiggler  using  the  kicking 
method  and  simulations  of  the  gain  with  the  TDAcode  [8] 
for  two  input  seed  powers.  For  the  1.8  MW  input  seed 
laser  power  the  HGHG  saturates  near  the  end  of  the  wig¬ 
gler.  For  the  30  MW  input  seed  laser  power  the  HGHG 
saturates  around  the  half  of  the  wiggler.  The  TDA  simula¬ 
tion  predicts  the  power  should  go  down  after  saturation 
but  measurement  shows  the  energy  still  grows  very 
slowly.  Since  the  electron  beam  has  varying  current  and 
emittance  along  the  bunch,  different  parts  of  the  beam 
reach  saturation  at  different  times. 

The  HGHG  output  power  stability  is  basically  limited 
by  the  accelerator  stability.  The  typieal  average  output  is 
approximately  100  |xJ.  Figure  3  shows  the  statistic  of  the 
pulse  energy  measurement  whieh  is  7  %  over  one  minutp 
Since  January  2003  the  third  harmonic  at  88  nm  which 
accompanies  the  266  nm  is  being  used  for  an  ion  pair  im¬ 
aging  experiment  [14],  which  has  benefited  from  the  sta¬ 
bility  of  the  HGHG  output. 

Spectrum  Measurement 

The  spectrum  of  the  FEE  output  was  measured  with  a 
high-resolution  spectrometer  at  the  end  of  the  beam  line. 
Fig  4  shows  the  single  shot  HGHG  and  SASE  spectra. 


The  FWHM  bandwidth  of  the  HGHG  pulse  is  0.23  nm. 
Since  the  seed  laser  is  9  ps  long  and  the  electron  beam  is  1 
ps  long  only  1/9'’'  of  the  spectrum  is  seen  by  the  electron 
beam. 


FIG.  2:  Pulse  energy  vs.  distance  for  two  values  of  the 
input  seed  laser  power;  (a)  1.8  MW  and  (b)  30  MW.  The 
solid  curves  are  TDA  simulation  results. 


FIG.  3:  Histogram  of  HGHG  output  pulse  energy  with 
30MW  seed  power 

The  seed  laser  has  -  6  nm  bandwidth  which  0.7  nm  is 
seen  by  eleetron  beam.  At  the  third  harmonic  we  expect 
0.23  nm  bandwidth  which  is  precisely  what  was  meas¬ 
ured.  The  HGHG  spectral  brightness  is  2x10*  times  larger 
than  SASE  because  NISUS  is  not  long  enough  to  saturate. 
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To  do  a  fair  comparison  we  used  the  GENESIS  1.3  [15] 
code  to  calculate  the  spectrum  of  SASE  after  20  m  of 
NISUS  structure  (Fig  4).  However,  due  to  a  larger  band¬ 
width  SASE  has  still  an  order  of  magnitude  smaller  spec¬ 
tral  brightness. 


For  a  Gaussian  Fourier  transform  limited  beam,  the  pulse 
length  should  be  t  =  0.44  ps  with  the  measured  bandwidth 
of  0.23  nm,  whereas  for  a  square  Fourier  transform  lim¬ 
ited  beam  t  ^  1  ps.  The  measured  0.63  ps  pulse  length  is 
near  Fourier  transform  limited  region. 


FIG.  4:  Single  shot  HGHG  spectrum  for  30  MW  seed 
(blue),  single  shot  SASE  spectrum  measured  by  blocking 
the  seed  laser  (red)  and  simulation  the  SASE  spectrum 
after  20  m  of  NISUS  structure  (green).  The  average  spac¬ 
ing  between  spikes  in  the  SASE  spectrum  is  used  to  esti¬ 
mate  the  pulse  length. 


CONCLUSION 

The  DUV-FEL  experiment  has  successfully  reached 
saturation.  The  output  energy  is  measured  to  be  100  joJ 
corresponding  to  a  power  of  100  MW.  The  output  is  lon¬ 
gitudinally  nearly  Fourier  transform  limited  and  the  shot 
to  shot  stability  is  limited  by  the  accelerator  performance. 
The  spectral  bandwidth  is  very  narrow  and  as  expected.  A 
first  user  experiment  at  DUV-FEL  has  started  using  the  88 
nm  third  harmonic  which  accompanies  the  266  nm 
HGHG. 
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THE  CANADIAN  LIGHT  SOURCE 

L.  Dallin,  I.  Blomqvist,  M.  de  Jong,  D.  Lowe  and  M.  Silzer,  Canadian  Light  Source,  University  of 
Saskatchewan,  101  Perimeter  Road,  Saskatoon,  Saskatchewan,  S7N  0X4,  Canada 


Abstract 

The  Canadian  Light  Source  (CLS),  at  the  University  of 
Saskatchewan,  was  funded  in  April,  1999.  It  consists  of 
an  injection  system  (250  MeV  linac  and  full  energy 
booster)  and  a  12  cell  DBA  2.9  GeV  storage  ring.  The 
injection  system  is  now  fully  operational  and  construction 
of  the  storage  ring  is  well  under  way  with  commissioning 
expected  to  commence  in  the  summer  of  2003.  The 
eompact  lattice  (171  m)  requires  space  saving 
technologies  including  strong  focusing  in  the  magnets,  a 
superconducting  RF  cavity  and  "chicaning"  of  two 
insertion  devices  (IDs)  in  the  5  m  straights.  IDs  have  been 
designed  at  the  CLS  and  most  will  be  built  on  site. 
Magnets  and  power  supplies  have  been  designed  to 
maintain  tight  control  over  machine  functions,  orbit  and 
transverse  coupling.  The  vacuum  chamber  and  the  girder 
system  for  the  ring  incorporate  modular  designs  best 
suited  for  a  compact  lattice.  Front  ends  have  been 
designed  for  all  source  points  including  the  chicaned  IDs. 
Development  of  the  CLS  subsystems  has  proceeded  with 
a  strong  emphasis  on  a  "design-build"  project 
management  style.  For  this,  CLS  developed  detailed 
preliminary  designs  and  worked  with  industry  to  engineer 
the  final  products.  The  project  remains  on  budget  and  the 
CLS  is  expected  to  be  fully  operational  by  the  target  date 
of  January,  2004. 

CLS  DESIGN  GOAL 

The  goal  of  the  CLS[1]  design  is  to  produce  brilliant 
light  in  a  compact  source.  Brilliance,  S,  is  proportional 
to  the  electron  beam  energy,  E,  the  current,  I,  and 
inversely  proportional  to  the  transverse  beam  sizes,  o, 
and  angular  divergences,  o',  as: 

®  ~  E  I  (CTtx  OTy  c/tx  CfTy)’"^ 

where  the  source  terms  have  both  beam(e)  and 
radiation(r)  components: 

CTt^  =  a/  +  , 

For  medium  energy  sources  such  as  the  CLS  the  radiation 
dominates  the  angular  terms  so  that  the  dependence  of  the 
brilliance  of  the  electron  beam  is[2]: 

B  -  E  I  (t|/ex)-‘(Px|3y)-‘'' 

where  =  Pe  and  Ey  =  sinSj/-  V,  the  coupling  angle[3], 
is  assumed  to  be  small.  The  history  of  the  CLS  involves 
the  optimization  of  the  above  factors  with  the  constraint, 
early  in  CLS  history,  that  the  source  circumference  be 
about  100  m. 


HISTORY 

The  early  version  of  the  present  source,  is  described  in 
the  1991  document:  “A  Proposal  from  the  Canadian 
Institute  for  Synchrotron  Radiation  (CISR)  to  NSERC  for 
a  Collaborative  Special  Project  and  Program  Grant  for 
Study  Funds  for  a  Canadian  Synchrotron”.  At  this  time 
the  interest  of  the  user  community  was  with  “soft”  xrays 
and  an  electron  energy  of  1.5  GeV  was  chosen.  To  have 
control  over  the  P-functions  a  racetrack  design  was 
contemplated.  The  design  consisted  of  four  to  six  I-cell 
bend  regions  surrounding  straights  with  extra 
quadrupoles  to  allow  for  variable  functions  in  the 
straights.  The  design  contemplated  the  use  of 
superconducting  (SC)  bends  in  some  locations  to  boost 
Ae  photon  energies  produced.  Also  proposed  was  the 
idea  to  replace  one  or  more  bends  with  an  SC  wiggle- 
bend.  The  drawback  of  this  design  is  the  limited  number 
of  straights  in  a  compact  lattice. 

By  1994,  a  more  conventional  Triple  Bend  Achromat 
(TBA)  lattice[4]  was  proposed.  This  design  was  a  1.5 
GeV  lattice  with  8  cells.  TTie  emittance  of  this  source  was 
low  at  6  nm-rad.  The  ring  circumference  was  104  m.  At 
the  same  time,  more  hard  X-ray  users  were  interested.  It 
was  felt  that  8  straights  were  too  few  and  the  beam 
energy  too  low. 

By  1995  a  Double  Bend  Achromat  (DBA)  lattice[5] 
was  proposed.  This  lattice  had  twelve  cells  and  a 
focussing  configuration  that  remains  to  this  day.  The 
beam  energy  was  increased  to  2.5  GeV  and  the 
circumference  to  127.  The  emittance  increased  to  14  nm- 
rad.  Still,  access  to  more  straights  and  higher  photon 
energies  (20  keV  undulator  radiation)  were  requested. 

The  Present  Machine 

In  1999  funding  for  the  CLS  was  secured.  By  this  time 
the  energy  had  increased  to  2.9  GeV.  Shortly,  the  straight 
sections  were  increased  in  length  to  5.2  m  and  the 
circumference  became  170.88  m.  The  lattice  was 
‘frozen’  and  construction  began.  The  increased  straight 
len^  allows  for  doubling  up  (duplexing)  of  IDs  in  each 
straight.  Furthermore,  by  using  extra  dipole  magnets  to 
“cWcane”  the  beam  through  the  straights  the  two  IDs  can 
delivery  beam  to  separate  beamlines.  The  chicanes[6] 
separate  the  photon  beams  by  about  1.5  mrad.  This 
allows  the  use  of  a  single  front  end. 

To  achieve  20  keV  undulator  radiation  it  is  necessary 
to  exploit  the  higher  undulator  harmonics  (up  to  n=15). 
To  ensure  quality  control  of  the  undulator  construction, 
CLS  will  manufacture  the  undulators  on  site.  Five 
insertion  devices  will  be  available  for  the  first  suite  of 
CLS  beamlines. 


0-7803-7738-9/03/$17.00  ©  2003  TF.F.F. 


220 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


COMPACT  LATTICE 

The  compact  DBA  lattice  is  achieve  by  making  the 
magnet  lengths  as  short  as  possible.  At  the  same  time  the 
focussing  is  strong  to  minimizing  8*,  Consequently,  the 
lattice  requires  magnets[7]  with  high  field  strengths.  A 
low  Py  option  requires  running  some  quadrupoles  near 
their  design  limit. 

The  dipoles  have  a  bending  field  of  1.354  T  and  a  field 
gradient  of  -38.7  T/m.  An  upright  coil  design  is  used  to 
minimize  the  total  overall  length.  A  smooth  distribution 
of  gradient  errors  in  the  lattice  reduces  perturbation  of  the 
optics[8]. 

The  lattice  uses  the  minimum  number  (three)  of 
quadrupole  families.  This  allows  for  reasonable  control 
of  the  optics.  Maximum  field  gradients  of  22  T/m  are 
achieved.  The  use  of  separate  power  supplies  for  each 
quadrupole  helps  with  compensating  for  the  effects  of 
IDs. 

The  minimum  number  (two)  of  sextupole  families  is 
used.  Harmonic  analysis  indicated  that  litde  was  to  be 
gained  by  introducing  extra  sextupoles  to  cancel 
geometric  effects.  The  maximum  sextupole  strengths  are 
270  T/m^.  The  sextupoles  include  extra  windings  to 
produce  horizontal  and  vertical  correctors  in  one  family 
and  skew  quadrupole  fields  in  both  families.  Orbit 
correction  also  includes  24  XY  corrector  magnets  that 
will  be  capable  of  corrections  up  to  100  Hz  [9]. 

Views  of  the  lattice  are  shown  in  figures  1  and  2. 


QCQ  B  SQSQS  BQCQ 
Figure  1.  Compact  Lattice  Interior:  Q:  quad.;  B:  bend;  S: 
Sextupole;  C;  Corrector. 


Figure  2.  Lattice  Exterior 


BRILLIANCE 

The  development  of  the  compact  lattice  has  determined 
the  machine  functions  and  beam  energy.  Two  beam 
factors  remain  to  enhance  the  brilliance:  the  beam 
current,  I,  and  the  coupling  angle,  \|/.  Of  course, 
brilliance  is  ultimately  served  by  the  development  of 
undulators.  Selected  lattice  parameters  are  shown  in 
Table  1. 

Table  1 :  CLS  Lattice  Parameters 


Circumference 

170.88  m 

Periodicity 

12 

Tunes:  Vx,Vy 

10.22,  3.26  (*4.26) 

Momentum  compaction 

0.0038 

Straights 

length 

5.2  m 

Px.  Py,Tlx  (at  centre) 

8.5, 4.6, 0.15  m 

3x,  Pv>  Tlx  (*  low  Bv  option) 

9.1,2.7,0.15  m 

RF  frequency 

500  MHz 

voltage 

2.4  MV 

harmonic  number 

285 

energy  acceptance 

1.54% 

Energy  loss  per  turn 

0.876  MeV 

Horizontal  emittance 

18.1(*17.8)nm-rad 

Energy  spread 

0.111% 

Full  bunch  length 

65  ps 

Superconducting  RF  cavity: 

The  choice  for  the  CLS  RF  system  is  a  SC  cavity  based 
on  the  Cornell  design[10].  Two  advantages  are  low 
higher  order  modes  (HOMs)  and  a  large  voltage  (2.4  to 
3.0  MV)  in  a  single  cell.  Both  these  features  will  result  in 
long  beam  lifetimes.  With  the  presently  installed  power 
levels  (300  kW),  it  should  be  possible  to  store  currents  up 
to  280  mA  at  2.9  GeV  and  500  mA  at  2.5  GeV.  Future 
development  of  the  cavity  technology  may  allow  500  mA 
at  2.9  GeV.  The  high  performance  of  the  SC  cavity 
allows  delivery  of  the  required  RF  power  in  a  single 
straight.  The  CLS  SC  cavity  is  shown  in  figure  3. 


Figure  3.  Superconducting  Cavity 
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Coupling  Control 

Control  of  coupling  studied  earlier[ll]  has  been 
investigated  further.  The  simplest  technique  is  to  deduce 
the  coupling  from  motion  in  the  vertical  plane  when  a 
horizontal  “kink”  is  introduced  into  the  orbit.  This 
technique  requires  measurements  of  the  closed  orbit  that 
allows  time  average  measurements. 

Using  twelve  of  the  skew  quadrupoles  and  measuring 
the  motion  in  each  of  the  twelve  straights,  simulations 
show  it  is  possible  to  reduce  the  vertical  coupling  to 
0.02%.  This  may  be  lower  than  desirable  for  achieving 
reasonable  beam  lifetimes.  However,  if  beam  “top-up”  is 
used,  lifetime  becomes  less  of  an  issue.  It  may  also  be 
possible  to  reduce  the  coupling  locally.  By  using  a 
coupling  angle  monitor[ll]  it  is  possible  to  reduce  the 
bem  size  in  one  straight  to  almost  half  the  average  value. 
This  may  have  some  application  when  small  gap 
undulators  are  used. 

Results  of  coupling  simulations  are  shown  in  figures  3 
and  4.  The  beams  shown  are  arrays  of  particles  tracked 
over  1000  turns.  The  initial  beam  is  generated  in  six 
dimensions  using  the  nominal  damped  beam.  The  initial 
vertical  beam  emittance  is  £xXl0^.  Coupling,  introduced 
by  random  misalignments  of  the  lattice  elements,  results 
in  growth  of  the  vertical  beam  emittance. 


corrected:  Sy  =  =  0.014^  18  =  0.0035  nm-rad  (0.02%) 


I  uncorrected:  By  =  vyV.,  =  0.08^  1 8  =  0.1 1 5  nm-rad  (0.64%)  j 

Y  ^  ' 

Figure  4.  Coupling  Correction  Using  Closed  Orbit 
Measurements. 


adjusted:  straight  12:  v  =  0.05;  straight  6:  v  =  0.03 


unadjusted:  straights  6  and  12:  v  =  0.08 


Figure  5.  Coupling  Adjustment  Using  Coupling  Angle 
Monitor. 


Insertion  Devices 

Five  IDs  are  presently  approved  for  the  CLS.  They  are 
the  four  undulators  and  the  SC  wiggler  shown  in  Table  2 
and  figure  6.  As  mentioned,  the  undulators  will  be  built  at 
the  CLS.  A  high  precision  magnet  mapping  facility  is 
now  under  development  and  the  construction  of  the 
undulators  will  begin  before  the  end  of  2003. 
Specification  of  the  SC  wiggler  has  been  completed.  It  is 
expected  to  be  built,  off  site,  by  the  end  of  2004., 


Table  2:  Approved  CLS  Insertion  Devices 


ID 

Eyjl 

Period 

Poles 

Photon 

energies 

mm 

mm 

eV 

1  Undulators 

EPU 

15 

75 

43 

■l 

PPM 

25 

185 

19 

5.5-250 

PPM 

12.5 

45 

53 

250-1900 

5 

20 

145 

ON 

00 

x* 

Wiggler 

Critical  enerev 

SC  1  15  1  35  1  60 

^ ^ 


J  eV  1 00  eV  1  OkeV 

Photon  Energy 

Figure  6.  Brilliance:  Tuning  Curves  for  CLS  Undulators 
and  Photon  Curve  for  the  SC  Wiggler. 

With  the  duplexing  of  the  straights  it  will  be  possible  to 
install  two  Elliptically  Polarizing  Undulators  (EPUs)  in 
tandem.  Under  normal  operations,  the  chicane  magnets 
will  separate  the  beam  produced  into  two  beamlines. 
With  some  extra  chicanery  (two  more  chicane  magnets)  it 
will  be  possible  to  direct  both  beams  down  the  same  line. 
In  this  way  it  should  be  possible  to  rapidly  switch 
between  polarization  states  using  optical  components  in 
the  beam  line. 
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Beamlines 

The  layout  of  the  initial  CLS  beamlines  is  shown  in 
figure  7.  The  storage  ring  is  located  asymmetrically  in  a 
square  building  about  85x85  m^.  This  allows  for  a 
variety  of  beamline  lengths.  For  future  expansion  the 
north  wall  (top  of  figure)  can  be  removed  and  beamlines 
developed  in  that  direction. 

As  well  as  the  beamlines  associated  with  the  IDs 
mentioned  above,  two  Infrared  (IR)  beamlines  are  under 
development  on  bending  magnet  sources.  Two  beam 
diagnostic  beamlines  are  also  being  built. 


Figure  7.  Initial  CLS  Beamlines.  Also  shown  are  the 
booster  and  the  storage  ring  (SRI). 


CLS  STATUS 


Figure  8.  CLS  Building. 


The  CLS  building  is  shown  in  figure  8.  Construction 
began  in  1999  and  was  completed  by  the  end  of  2000. 
The  full  energy  booster  has  been  installed  has  was  fully 
commissioned  by  September,  2002.  Installation  of  the 
storage  ring  is  expected  to  be  complete  by  the  summer  of 
2003  when  storage  ring  commissioning  will  begin.  At 
the  same  time,  the  beamlines  will  be  installed  for 
commissioning  by  the  end  of  the  year. 


Booster  Commissioning 
A  final  result  achieved  during  booster  commissioning 
is  shown  in  figure  9.  Signals  from  the  Fast  Current 
Transformer  (FCT),  the  Parametric  Current  Transformer 
(PCT)  and  a  dipole  field  are  shown.  A  40  mA  peak 
current  was  injected  at  250  MeV  and  a  20  mA  peak 
current  was  extracted  at  2.9  GeV.  Beam  losses  occur  due 
to  inefficient  capture  in  the  RF  bucket  at  injection  and 
reduction  of  relative  RF  overvoltage  at  extraction.  This  is 
shown  by  the  average  current  measured  by  the  PCT. 


Figure  9.  Booster  Ramping.  Upper:  FCT;  Lower:  PCT 
(negative  signal);  Middle:  Dipole  Field. 
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Abstract 

At  the  ALS  there  had  been  an  increasing  demand  for  ad¬ 
ditional  high  brightness  hard  x-ray  beamlines  in  the  7  to  40 
keV  range.  In  response  to  that  demand,  the  ALS  storage 
ring  was  modified  in  August  2001.  Three  1.3  tesla  normal 
conducting  bending  magnets  were  removed  and  replaced 
with  three  5  Tesla  superconducting  magnets  (Superbends). 
The  radiation  produced  by  these  Superbends  is  an  order  of 
magnitude  higher  in  photon  brightness  and  flux  at  12  keV 
than  that  of  the  1.3  Tesla  bends,  making  them  excellent 
sources  of  hard  x-rays  for  protein  crystallography  and  other 
hard  x-ray  applications.  At  the  same  time  the  Superbends 
do  not  compromise  the  performance  of  the  facility  in  the 
UV  and  soft  x-ray  regions  of  the  spectmm.  The  Superbend 
will  eventually  feed  12  new  beam  lines  greatly  enhancing 
the  facility’s  capacity  in  the  hard  x-ray  region.  The  Su¬ 
perbend  project  is  the  biggest  upgrade  to  the  ALS  storage 
ring  since  it  was  commissioned  in  1993.  In  this  paper  we 
present  a  history  of  the  project,  as  well  as  the  installation, 
commissioning,  and  resulting  performance  of  the  ALS  with 
Superbends. 

INTRODUCTION 

October  4,  2001  marked  the  completion  of  the  Super¬ 
bend  Project  —  the  biggest  upgrade  to  Berkeley  Labora- 
toiy  s  Advanced  Light  Source  (ALS)  since  the  synchrotron 
light  source  was  first  commissioned  for  users  in  1993.  On 
that  day  the  ALS  facility  began  user  operation  with  three 
newly  installed  Superbends  and  first  light  generated  from 
one  of  these  Superbends  reached  the  end  station  of  the  first 
Superbend  beamline.  With  the  successful  completion  of  the 
Superbend  project  the  ALS  has  transformed  itself,  greatly 
increasing  its  capability  and  capacity  to  deliver  bright  hard 
x-ray  beams  (up  to  40  keV)  to  users  [1,  2,  4,  3].  There  has 
been  a  large  demand  for  Superbend  beamlines.  At  the  time 
of  this  conference  7  of  the  12  beamlines  have  been  commit- 
ted  —  3  are  in  operation  for  protein  crystallography  and  2 
more  under  construction,  1  beamline  is  under  constmction 
for  tomography  and  1  for  high  pressure  diffraction.  At  the 
end  of  the  year  all  7  will  be  in  operation  for  users.  This 
still  leaves  5  beamlines  which  have  yet  to  be  committed. 
The  3  protein  crystallography  beamlines  which  have  been 
in  operation  for  about  one  year  have  performed  extremely 
well  and  have  help  to  solve  many  protein  structures.  With 
the  Superbend  upgrade  the  ALS  has  greatly  extended  its 
capacity  and  capability  in  the  hard  x-ray  regime. 

The  ALS  was  initially  designed  to  be  optimized  for  the 
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generation  of  radiation  from  the  UV  to  Soft  x-ray  range 
(10  to  1500  eV).  Over  the  years  it  has  developed  a  strong 
user  community  in  this  spectral  region.  At  the  same  time, 
the  ALS  saw  a  large  growth  in  a  user  community  outside 
of  this  core  region  —  in  the  hard  x-ray  region.  Prior  to 
the  installation  of  the  Superbends  there  were  two  sources 
of  hard  x-rays:  the  normal  conducting  1.3  Tesla  dipoles 
and  a  2  Tesla  wiggler.  The  wiggler  beamline  which  uses 
12  keV  photons  generated  from  the  wiggler  proved  to  be 
one  of  the  most  productive  protein  crystallography  beam¬ 
lines  in  the  world  demonstrating  the  capabilities  of  lower 
electron  energy  synehrotrons  like  the  ALS  to  do  hard  x- 
ray  science  [5].  The  success  of  beamline  5  together  with 
the  need  for  more  protein  crystallography  beamlines  world¬ 
wide  [6]  fueled  the  demand  for  more  hard  x-ray  beamlines 
at  the  ALS.  There  was  also  a  demand  from  the  tomogra¬ 
phy  and  powder  diffraction  communities  demanding  even 
higher  energy  x-rays  (up  to  40  keV). 


Superbends  versus  Wigglers 

There  are  several  types  of  synchrotron  based  sources 
for  generating  hard  x-rays  —  bending  magnets,  wigglers, 
wavelength  shifters,  or  undulators.  Due  to  the  relatively 
low  electron  beam  energy,  1.9  GeV,  of  the  ALS  made  the 
generation  of  12  -  40  keV  photons  impractical  with  an  un- 
dulator.  Therefore  the  practical  choices  were  bends  or  wig¬ 
glers.  At  an  electron  beam  energy  of  1 .9  GeV,  the  and  a  Su¬ 
perbend  field  of  5  Tesla,  the  Superbend  beamlines  and  have 
a  critical  photon  energy  of  12  keV  and  are  a  good  source 
of  photons  up  to  40  keV.  In  principle  the  ALS  could  have 
chosen  to  use  wigglers  to  generate  hard  x-rays.  However 
there  were  many  advantages  of  the  Superbends.  First,  by 
replacing  normal  bends  with  Superbends,  none  of  the  few 
remaining  empty  insertion  device  straight  sections  were 

used.  Second,  the  Superbends  provided  a  high  capacity _ 

up  to  12  new  beamlines  (four  from  each  bend)  versus  a 
wiggler  that  only  can  support  3  beamlines.  Third,  it  is 
possible  to  perform  the  powerful  technique  of  multiple- 
wavelength  anomalous  diffraction  (MAD)  on  9  of  the  12 
Superbend  beamlines  versus  only  1  of  the  3  wiggler  beam¬ 
lines.  Fourth,  the  Superbends  were  higher  in  flux  density 
than  the  wiggler  (due  to  the  smaller  electron  beam  size) 
making  them  a  superior  source  of  12  keV  photons  for  pro¬ 
tein  crystallography  [4],  This  meant  that  the  experimental 
beam  time  is  shorter.  Fifth,  the  total  radiation  power  in 
the  Superbend  beamlines  is  significantly  smaller  than  that 
of  the  wiggler  making  the  beamlines  simpler.  All  totaled, 
the  Superbend  solution  was  a  cost  effective  way  to  greatly 
increase  the  hard  x-ray  capability  of  the  ALS  facility. 
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Brightness  (ph/sec  ■  mm^  •  mrad^  •  0.1%  band) 


Figure  1 :  Brightness  of  a  Superbend  versus  the  normal  con¬ 
ducting  bend 

Goals  and  Challenges 

The  main  goal  of  the  project  was  to  modify  the  storage 
ring  lattice  by  replacing  three  of  the  thirtysix,  1.3  Tesla, 
normal  conducting,  10  degree,  bending  magnets  with  three, 
5  Tesla,  superconducting,  10  degree,  bending  magnets  (Su¬ 
perbends)  [9,  10].  This  was  done  by  modifying  three  of 
the  twelve  ALS  sectors.  Fig.  2  shows  how  each  of  the  3 
sectors  was  modified  to  include  Superbends.  A  typical  sec¬ 
tor  without  Superbends  can  be  seen  in  Fig.  2  (top)  and  one 
modified  to  include  Superbends  is  shown  in  Fig.  2  (bot¬ 
tom).  One  sees  that  the  central  dipole,  B2,  in  the  sector  is 
replaced  by  a  Superbend.  The  Superbend  magnetic  field 
versus  longitudinal  position  is  plotted  in  Fig.  3  for  the  1.9 
GeV  settings.  The  Superbend  reaches  a  peak  magnetic  field 
of  5.7  Tesla  and  is  about  5  Tesla  at  the  locations  of  the  four 
beamlines. 


Normal  Sector 


Figure  2:  Magnetic  layout  of  a  normal  (top)  and  modified 
(bottom)  sector. 

Unlike  the  normal  dipoles,  the  Superbends  do  not  have 
a  quadmpole  focusing  component.  Two  new  quadmpoles 


longitudinal  Hall  probe  scan,  SBM1 


Figure  3:  Magnetic  field  versus  longitudinal  position  at  300 
Amps  (1.9GeV  settings). 

QDAl  and  QDA2  are  added  to  the  lattice  and  the  QFA 
quadruples  in  a  Superbend  sector  are  put  on  separate 
power  supplies.  It  was  necessary  to  make  this  change  in 
the  quadmpole  configuration  in  order  to  better  match  the 
Superbend  sectors  to  the  non  Superbend  sectors  to  improve 
the  particle  beam  dynamics. 

Choosing  Superbends  versus  wigglers  as  a  source  of 
hard  x-rays  let  the  ALS  with  some  unique  challenges.  This 
was  the  first-ever  retrofit  of  superconducting  bend  magnets 
into  the  storage  ring  of  an  operating  synchrotron  radiation 
source.  The  Superbends  would  be  an  essential  part  of  the 
storage  ring  lattice  and  problems  with  them  not  only  af¬ 
fect  the  users  of  the  Superbends  but  all  users  at  the  ALS. 
Therefore  it  was  necessary  to  ensure  that  the  transition  to 
Superbend  operation  was  transparent.  Superbends  needed 
to  be  installed  and  commissioned  in  a  short  period  and  the 
resulting'  influence  on  the  existing  users  should  be  small. 
There  could  be  no  significant  impact  on  beam  orbit  stabil¬ 
ity,  fill  times,  or  reliability,  brighmess,  and  lifetime. 

SUPERBEND  PROJECT 

The  idea  of  retrofitting  the  ALS  storage  rings  with  high 
field  superconducting  magnets  to  produce  hard  x-rays  was 
conceived  in  the  early  1990s.  In  1995  a  project  began  to  see 
if  it  was  possible  design  a  superconducting  coil  and  core  of 
a  magnet  that  would  meet  the  needs  of  the  ALS  [7].  In 
1998,  based  upon  the  successful  tests  of  a  coil  and  core  [8] 
combined  with  the  increasing  demand  from  the  user  com¬ 
munity,  the  ALS  decided  to  embark  upon  the  Superbend 
project  [2, 5]. 

The  Superbend  project  officially  began  in  September 
1998  with  the  formation  of  the  Superbend  team.  The  goal 
of  the  team  was  to  ensure  a  smooth  transition  to  Super¬ 
bend  operation  for  the  existing  users.  The  requirement  of  a 
smooth  transition  drove  many  of  the  design  choices,  some 
of  which  are  discussed  in  this  paper.  The  reader  is  referred 
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to  other  publications  for  more  details  [9, 10, 1 1, 12, 13], 

Beam  orbit  stabilty  is  on  of  the  most  critical  perfor¬ 
mance  parameters  for  the  users.  Before  Superbends  the 
ALS  integrated  rms  orbit  stability  in  the  insertion  device 
straights  was  about  3  /zm  horizontally  and  2  /zm  vertically 
for  a  frequency  range  of  1  -  200  Hz.  There  were  two  con¬ 
cerns  about  Superbend  operation  effecting  the  orbit  stabil¬ 
ity.  They  were  that  orbit  jitter  would  be  caused  by  fluc¬ 
tuations  of  the  powersupply  currents  of  the  Superbend  and 
normal  conducting  bend  magnets  causing  orbit  jitter  as  well 
as  the  vibration  of  the  Superbend  cryosystem  causing  the 
Superbends  and  neighboring  magnets  to  vibrate  also  caus¬ 
ing  orbit  jitter.  Prior  to  installation  of  the  Superbends  all 
36  normal  conducting  bends  were  powered  by  one  power 
supply.  In  that  case  powersupply  fluctuations  resulted  in 
energy  changes  but  not  orbit  changes.  After  the  installation 
of  Superbends,  power  supply  fluctuations  could  cause  both 
energy  and  orbit  changes.  Therefore  both  the  tolerances  of 
the  cryosystem  and  power  supply  were  very  tight  and  these 
systems  were  extensively  tested. 

Fill  times  is  another  important  performance  criteria  for 
the  users.  The  ALS  does  not  have  a  full  energy  injector  and 
therefore  before  filling  the  storage  ring  the  electron  energy 
needs  to  be  ramped  from  1.9  GeV  down  to  1.5  GeV  where 
the  ring  is  filled  and  the  ramped  back  up  to  1.9  GeV.  Prior 
to  the  Superbend  upgrade  the  ramping  time  was  approxi¬ 
mately  1  minute  in  each  direction.  The  Superbend  mag¬ 
net  and  cryosystm  were  designed  to  ramp  within  that  time 
without  quenching.  The  power  supply  and  control  system 
for  Superbends  were  designed  to  coordinated  well  with  the 
other  magnets  to  minimally  distort  the  beam  orbit  during 
ramping. 

Reliability  is  another  important  performance  criteria  for 
the  users.  The  Superbends  could  not  significantly  impact 
the  total  unscheduled  downtime  of  the  accelerator.  Relia¬ 
bility  strongly  influenced  the  choice  of  cryosystem.  A  two 
stage  1.5  Watt  Sumitomo  cryocooler  was  chosen  for  each 
magnet.  Fig.  4  shows  a  drawing  of  the  cyrosystem.  At  the 
high  temperature  stage  there  was  a  nitrogen  reservoir  and 
at  the  low  temperature  stage  there  was  a  helium  reservoir. 
The  magnet  was  conductively  cooled  with  the  cryocooler 
and  high  temperature  Superconducting  leads  were  used  be¬ 
tween  the  nitrogen  and  Helium  stages  to  minimize  the  heat 
leak.  In  the  event  of  a  failure  of  the  cryosystem,  the  mag¬ 
nets  could  mn  on  external  cryogens  with  a  seemless  tran¬ 
sition  between  the  two  modes.  In  addition  a  full  spare  was 
constructed  which  could  be  exchanged  in  an  emergency. 

Precommissioning  and  Beam  Dynamics  Tests 

In  order  to  ensure  that  the  transition  to  Superbend  op¬ 
eration  was  transparent,  the  Superbend  team  adopted  the 
strategy  of  precomissioning  as  many  subsystems  (with  and 
without  beam)  as  possible  prior  to  the  actual  installation  of 
the  Superbends.  Much  of  the  work  has  been  described  in 
previous  papers. 

To  minimize  the  impact  on  users,  the  Superbend  installa- 


Figure  4:  Drawing  of  the  Superbend  cryostat  and  cry- 
ocooler 


tion  was  split  into  two  medium  length  (6  week)  shutdowns. 
In  the  first  shutdown  (which  occurred  in  March  2000)  all 
major  components  of  the  project,  excluding  the  actual  Su¬ 
perbend  magnets  were  installed  [10].  In  the  second  shut¬ 
down  (which  began  in  August  2001)  the  Superbends  were 
installed  and  commissioned  [1 1]. 

Prior  to  the  Superbend  installation,  the  Superbend  sys¬ 
tems  were  extensively  modeled  and  tested.  The  team  per¬ 
formed  thorough  cryogenic  testing  [12,  13],  magnet  mea¬ 
surements  [14],  vibration  testing,  powersupply  and  con¬ 
trols  testing  [10].  The  results  of  these  tests  showed  that 
the  system  was  very  reliable.  During  these  tests  one  of 
the  four  Superbends  was  put  through  the  equivalent  of  4 
years  of  ramping  and  cycling  with  no  measurable  degrada¬ 
tion  in  cryogenic  and  mechnical  performance.  The  backup 
cryogenic  system  was  tested  to  ensure  that  the  Superbends 
could  transition  smoothly  to  external  cryogenic  operation 
in  the  event  of  a  cryocooler  failure  [9]. 

Extensive  modeling  and  measurements  were  done  to  en¬ 
sure  that  the  Superbend  upgrade  did  not  impact  the  lifetime 
and  brightness  of  the  non  Superbend  users.  In  terms  of 
brightness,  the  higher  Superbend  field  necessarily  increases 
the  horizontal  emittance.  Early  lattice  designs  resulted  in 
a  doubling  of  the  horizontal  emittance.  In  order  not  too 
significantly  increase  the  horizontal  emittance,  two  modi¬ 
fications  of  the  lattice  were  made.  First,  finite  dispersion 
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(6  cm)  was  introduced  in  the  12  straight  sections  and  sec¬ 
ond,  the  QFA  and  QDAs  in  the  Superbend  sectors  were 
adjusted  to  further  reduce  the  emittance.  The  result  was  a 
small  (~20%)  inerease  in  horizontal  emittance. 

Finally  the  Superbends  could  not  significantly  impact  the 
beam  lifetime.  The  lifetime  of  the  ALS  is  Touchek  domi¬ 
nated  and  the  main  concern  is  that  the  Superbends  would 
break  the  lattices  12-fold  symmetry,  to  3  greatly  increasing 
the  resonance  excitation  resulting  in  larger  beam  loss. 

Extensive  beam  dynamics  studies  were  performed  pri¬ 
marily  to  accurately  predict  and  minimize  the  impact  of 
the  Superbends  on  the  lifetime  and  injection  efficiency.  We 
built  upon  experimental  and  theoretical  studies  using  the 
technique  of  Frequency  Map  Analysis  to  study  the  dynam¬ 
ics  of  particles  in  the  ALS  [17,  18].  Fig.  5  shows  the  dy¬ 
namic  aperture  and  on-energy  frequency  map  displayed  in 
amplitude  space.  The  diffusion  rate  of  the  particles  are  in¬ 
dicated  by  the  color.  Initial  conditions  of  particles  with 
high  dilfusion  are  plotted  in  red  and  those  with  low  diffu¬ 
sion  are  plotted  in  blue.  One  can  see  that  the  dynamics  is 
well  behaved  horizontally  up  to  12  mm  which  is  more  than 
sufficient  for  a  10  mm  injection  offset  of  the  ALS. 


X  position  [mm]  (injection  straight) 


Figure  5:  On-energy  frequency  map  of  the  ALS  plotted  in 
amplitude  space  at  the  injection  point. 

The  dynamics  models  were  experimentally  tested  prior 
to  the  actual  installation  of  the  Superbends.  Using  the 
QDA  magnets  that  were  installed  in  the  first  shutdown, 
the  symmentry  of  the  ring  was  broken  and  off  energy  fre¬ 
quency  maps  and  lifetimes  were  measured.  With  the  sym¬ 
metry  breaking  of  the  QDAs  approximately  equivalent  to 
the  symmetry  breaking  due  to  the  Superbends,  the  dynamic 
momentum  aperture  remained  close  to  the  RF  acceptance 
at  2.5%.  These  tests  agreed  well  with  our  model  predic¬ 
tions. 

Installation  and  Commissioning 

The  installation  and  commissioning  of  the  Superbends 
occurred  in  a  6  week  period  that  began  on  August  20, 2001 
and  ended  on  October  3, 2001.  A  picture  of  the  first  Super¬ 
bend  being  installed  can  be  seen  in  Fig.  6.  The  installation 


period  lasted  for  1 1  days.  During  that  time  3  normal  mag¬ 
nets  were  removed,  3  Superbends  installed,  a  portion  of 
the  injection  line  disassembled  and  reinstalled.  In  addition 
the  new  controls,  powersupplies,  diagnostics,  and  external 
cryogenics  were  installed  and  tested. 


Figure  6:  Installation  of  the  first  Superbend. 


Commissioning  began  on  August  31,  2001  and  pro¬ 
ceeded  faster  than  expected.  First  beam  was  injected  within 
5  minutes  of  first  attempt,  100  mA  stored  within  1  hour, 
first  energy  ramping  with  beam  later  that  day,  and  the  im¬ 
pact  of  the  Superbends  was  evaluated  within  2  weeks.  The 
beam  was  delivered  back  to  users  on  October  4, 2001  with 
first  Superbend  light  in  the  first  Superbend  beamline.  The 
results  of  the  installation  and  commissioning  are  described 
in  detail  in  another  paper  at  this  meeting  [11].  During  com¬ 
missioning  a  lattice  with  6  cm  dispersion  in  the  straights 
was  adopted.  This  allowed  us  to  minimize  the  change  in 
emittance  from  the  Superbends. 

Impact  of  Superbends  on  the  ALS 

Looking  back  one  can  clearly  say  that  the  Superbend 
project  met  all,  and  in  many  cases  exceeded,  the  project 
goals.  They  were  installed  with  no  significant  impact  on 
the  non-Superbend  users  [11].  Irimiediately  following  the 
installation  of  Superbends,  the  lifetime  was  the  same  as  be¬ 
fore,  fast  orbit  stability  was  the  same,  slow  orbit  stability 
was  better,  injection  and  ramping  times  were  comparable 
and  there  was  a  small  change  in  the  beam  sizes  (see  Table  1) 
and  no  noticable  change  in  brightness.  The  hard  x-ray  com¬ 
munity  is  currently  making  use  of  the  new  capabilities  and 
have  already  achieved  some  very  exciting  results  [19]. 

At  the  time  of  this  meeting  it  has  been  nearly  20  months 
since  the  ALS  Superbend  upgrade.  In  those  20  months  the 
Superbends  have  been  extremely  reliable.  Superbend  sys¬ 
tem  failures  have  accounted  for  a  small  fraction  of  the  to¬ 
tal  downtime  of  the  ALS.  In  fact  the  largest  portion  of  the 
downtime  that  was  related  to  operating  with  Superbends 
were  that  the  ALS  experienced  in  increase  in  the  failure 
rate  of  waterflow  meters  on  photon  stops  —  many  of  which 
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Table  1:  Comparison  of  parameters  before  and  after  Su¬ 
perbends  at  the  insertion  device  beamline  (.0)  and  the  bend 
magnet  beamlines  (.1,  .2,  .3,  .4) 


Parameter 

Before 

Superbends 

After 

Superbends 

Natural  emit. 
Energy  spread 
Beamline 
x.O 

x. l 

X.2  and  x.3 

X.4 

Beamline 

y. O 
yi 

y.2  and  y.3 
y.4 

5.5  rad  nm 
0.08% 

Hor.  beam  size 
250  fim 

50  /rm 

100  fim 

60  fjtm 

Ver.  beam  size 
30  /[fm 

65  fim 

20  jim 

60  nm 

6.75  rad  nm 
0.1% 

Hor.  beam  size 
310  /xm 

57  /xm 

100  /xm 

65  /xm 

Ver.  beam  size 
23  /xm 

54  /xm 

15  /xm 

52  /xm 

were  located  downstream  of  the  Superbends  and  were  pre¬ 
sumably  failing  due  to  the  increased  radiation  exposure. 

The  cryosystem  has  also  proven  to  be  very  reliable  and 
there  has  only  been  one  failure.  This  occurred  in  March 
2003  two  weeks  prior  to  a  four  week  scheduled  shutdown 
of  the  ALS.  On  one  of  the  Superbends  the  cryocooler 
stopped  functioning.  The  Superbends  ran  with  external 
cryogens  for  2  weeks  following  that  failure.  The  failure  re¬ 
sulted  in  a  total  downtime  of  6  hours.  Part  of  that  downtime 
was  due  to  attempt  to  restart  the  cryocooler  and  part  was 
due  to  modifications  in  some  controls  software  to  reduce 
the  ramping  rate.  The  operation  of  Superbends  with  the 
cryogens  went  smoothly  with  no  further  downtime.  This 
experience  demonstrated  the  feasibility  of  operation  with 
cryogens  and  convinced  us  that  in  the  case  of  future  fail¬ 
ures  one  should  be  able  to  transition  between  crocooler  and 
cryogenic  operation  without  any  downtime. 

The  three  Superbend  beamlines  have  been  in  produc¬ 
tion  mode  for  over  one  year.  These  initial  beamlines  were 
for  protein  crystallography  and  have  solved  more  than  200 
structures.  The  performance  of  the  beamline  compares  fa¬ 
vorably  to  the  wiggler  beamline.  Two  more  protein  crys¬ 
tallography  beamlines,  a  tomography  beamline  and  a  high 
pressure  diffraction  beamline  will  be  in  operation  before 
the  end  of  this  year.  So  this  has  greatly  expanded  the  capa¬ 
bility  of  the  ALS  in  the  hard  x-ray  regime. 
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Abstract 

The  construction  phase  of  SOLEIL,  the  French  third 
generation  Synchrotron  radiation  Source  has  begun  in 
January  2002  with  the  aim  of  starting  Users  operation  in 
spring  2006.  The  machine  now  consists  in  a  354  m 
circumference  ring,  with  16  DB  cells  and  24  straight 
sections.  The  optics,  with  distributed  dispersion,  features 
a  low  3.7  nmrad  emittance  at  the  2.75  GeV  operating 
energy,  so  as  to  provide  high  brilliance,  from  the  VUV  up 
to  the  hard  X  ray  domain.  In  order  to  provide  a  long 
lifetime  (18  hours),  and  beam  position  stabilities  in  the 
micron  range,  significant  attention  was  paid  at  each 
design  stage  (optics,  magnets,  beam  position  monitors, 
vacuum  and  RF  systems,..),  including  on  the  design  of  the 
building,  the  construction  of  which  will  start  in  summer 
2003.  All  the  magnets  have  been  designed  and  are  in  the 
last  stage  to  be  ordered.  The  qualification  of  the  352  MHz 
super-conducting  RF  cavity  prototype  has  been  done  on 
the  ESRF  ring.  Insertion  devices  are  being  designed  with 
the  goal  of  serving  a  very  large  scientific  community  with 
high  performances  in  an  energy  range  as  large  as  5  eV  to 
18  keV  with  undulators.  The  contract  was  placed  for  the 
100  MeV  Linac  for  a  delivery  summer  2004. 

1  INTRODUCTION 

Since  the  beginning  of  2001,  a  new  SOLEIL  team  has 
being  constituted  and  the  detailed  design  has  been 
finalised.  The  construction  period  (phase  1),  has  started  in 
2002  with  the  goal  of  completing  the  commissioning  of 
the  machine  and  of  the  10  first  beamlines  beginning  of 
2006  followed  by  a  gradual  installation  of  14  other 
beamlines  in  parallel  to  operation  up  to  2009  (phase  2). 
Due  to  the  new  scientific  context  as  well  as  new 
developments  and  studies,  improvements  have  been 
brought  to  several  parts  of  the  SOLEIL  equipment. 

2  LATTICE 

The  lattice  consists  of  16  DB  cells  and  4  super  periods 
in  which  the  2  central  cells  are  modified  to  create  2 
additional  straight  sections  (3.6m)  by  drifting  apart  the 
two  quadrupole  doublets  located  in-between  the  two 
bending  magnets  of  the  cell  [1].  The  machine  provides 
now  24  straight  sections  (4x1 2m,  12x7m,  8x3 .6m)  among 
which  20  are  dedicated  to  install  insertion  devices  (one 
long  straight  is  necessary  to  locate  the  injection 
equipments,  two  medium  straights  will  be  occupied  by  the 
super-conducting  RF  cavities  and  a  short  straight  is 
reserved  for  diagnostics  and  feedbacks).  Figure  1  shows 
the  optical  functions  of  one  of  the  four  super  periods  and 
the  table  1  gives  the  main  parameters. 
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Fig.  1  Lattice  and  optical  functions  for  one  super 
period  of  the  storage  ring 


Table  1  Main  parameters  of  the  storage  ring 


Energy 

2.75  GeV 

Circumference 

354.097  m 

Horizontal  emittance  (rms) 

3.73  nmrad 

N.  of  cells  /  N.  of  super  periods 

16/4 

Straight  sections 

12  m  x  4  ;  7  m 
x  12  ;  3.6  m  X  8 

Betatron  tunes,  v,/  v^ 

18.2/10.3 

Chromaticities  ^ 

-  2.84/-  2.23 

Momentum  compaction 

4.38x10"* 

Energy  dispersion 

1.016  10'^ 

Radio  Frequency 

352.202  MHz 

Peak  RF  Voltage 

4.8  MV 

Max  energy  loss  per  turn  (IDs) 

1  300  keV 

Design  current  (416  bunches) 

500  mA 

A  good  dynamic  acceptance  is 

achieved  even  for  large 

energy  deviation  (up  to  6%)  thanks,  among  others,  to  a 
small  variation  of  the  tune  with  energy. 

Beam  dynamics  was  computed,  using  a  full  6D  tracking 
code  (extension  of  TRACY  II)  which  allows  to  take  into 
account  non  linear  betatron  and  synchrotron  motions, 
synchrotron  radiation  and  coupling  from  horizontal  to 
vertical  plane  [2].  As  predicted,  due  to  the  low  value  of 
the  first  order  and  the  relatively  high  value  of  the  second 
order  of  the  momentum  compaction  the  dynamics  is 
dominated  by  the  non  linear  synchrotron  motion. 
Moreover  it  has  been  shovra  that  the  1%  coupling  induces 
vertical  betatron  amplitudes  from  Touschek  scattering 
which  lead  to  losses  in  small  vertical  gaps  undulators.  In 
order  to  avoid  this  effect  a  new  working  point,  a  little 
more  far  away  from  the  coupling  resonance,  has  been 
chosen. 

For  500  mA  distributed  in  416  bunches,  the  Touschek 
lifetime  calculated  with  natural  bunch  length,  1% 
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coupling  and  Snim  aperture  in  short  straight  section 
(imdulator  of  1.8  meter  long)  is  .jxi/2  =  36  h.  Combined 
with  a  vacuum  lifetime  of  27  h  for  a  pressure  of  lO'®  mbar, 
this  gives  a  total  beam  lifetime  of  approximately  1 8  h. 

3  MAGNETS 

All  the  magnets  have  been  designed  with  3D  model  on 
TOSCA  code.  For  dipoles  (Im  magnetic  length  and 
5.36m  bending  radius)  the  H  structure  has  been  preferred 
in  order  to  reduce  the  effect  of  saturation  due  to  the  high 
1.7 IT  field  value.  The  main  parameters  of  the 
quadrupoles  and  sextupoles  are: 


Quadmpoles 

Sextupoles 

Number 

132/28 

88*/ 32** 

Length  (mm) 

320  /  460 

160  mm 

Bore  (mm) 

66  mm 

73  mm 

Force 

19T/m/23T/m 

320  T/m^ 

Useful  Zone 

35  mm 

35  mm 

For  the  quadrupoles  (figure  of  8  structure),  the  profile 
have  been  very  well  optimised  leading  to  very  small 
multipolar  components:  respectively  9  1  O'*  and  -5  10'*  for 
the  12  poles  and  the  20  poles  expressed  in  AB/B  at  30 
mm.  The  sextupoles  include  horizontal  and  vertical 
dipoles  correctors  (respectively  7  mTxm  and  4.4  mTxm) 
as  well  as  skew  quadrupoles  (51.2  mT).  They  are 
compacts  (♦)  or  with  ears  (**)  following  their  position  in 
the  cell  in  order  to  allow  Xray  extraction  lines. 

Contracts  have  been  placed  for  dipoles,  quadrupoles 
and  sextupoles. 

4  ULTRA  VACUUM  SYSTEM 

In  the  dipole  vacuum  chamber,  the  12  kW  power  and 
the  power  density  (~  200  W/mm^  at  normal  incidence)  to 
be  dissipated  are  relatively  high  due  to  the  short  bending 
radius.  It  requires  a  combination  of  two  absorbers,  a 
crotch  absorber  in  the  antechamber  part  followed  by  a 
longitudinal  absorber.  Based  on  the  ANKA  design,  the 
cooling  system  of  the  crotch  has  been  improved  by 
spreading  the  power  on  3  rows  of  teeth  cooled  by  six 
water  channels  for  each  jaw. 

Material  will  be  stainless  steel  316LN  for  dipole 
vessels,  BPMs  and  bellows  and  aluminium  6061  for  all 
straight  part  of  the  machine  (quadrupoles,  sextupoles  and 
insertions).  All  Aluminium  vacuum  chambers  will  be 
coated  with  NEG  (Ti,  Zr,  V).  The  main  advantage  is  a 
very  low  photon  stimulated  desorption  rate  after 
activation  of  the  NEG  which  leads  to  an  estimated 
conditioning  time  of  23 Ah  to  reach  a  10'’  mbar  average 
pressure  instead  of  730  Ah  for  uncoated  stainless  steel. 
The  effect  on  the  machine  impedance  has  been  evaluated. 
The  resistive  wall  instability  threshold  (multibunch  mode) 
would  not  be  modified  but  the  transverse  mode  coupling 
one  (single  bunch  mode)  might  be  lower  specially  for 
narrow  gap  insertions.  Further  investigation  will  be  done. 


5  RE SYSTEM 

The  superconducting  HOM  free  RF  prototype  was 
tested  in  2002  on  the  ESRF  storage  ring.  It  generated  in 
stable  and  reliable  conditions,  a  peak  RF  voltage  of  more 
than  3  MV,  with  a  power  of  about  200  kW  through  each 
main  coupler  [3] .  This  level  of  performance  corresponds 
to  the  SOLEIL  requirements  for  the  first  year  of  operation 
starting  in  2005,  therefore,  it  was  decided  that  this 
prototype  will  be  the  first  RF  cavity.  It  will  be  Installed 
after  some  modifications  to  reduce  some  over  heating  of 
the  dipole  type  HOM  couplers  and  undue  high  static 
cryogenic  losses.  In  parallel,  the  design  of  a  second 
cryomodule  integrating  all  the  prototype  experience  has 
been  launehed. 

For  the  352  MHz  power  source,  after  an  extensive  study 
of  the  different  technological  options,  solid  state  amplifier 
based  on  the  technology  developed  at  LURE  and  already 
chosen  for  the  booster,  have  been  adopted.  Each  cavity 
will  be  powered  by  a  200  kW  (4x  50  kW)  amplifier  which 
is  constituted  by  about  750  modules.  Many  advantages  as 
reliability,  easy  maintenance,  simple  start-up  procedures 
(no  high  voltage)  etc.  are  expected.  The  booster 
transmitter  is  already  under  construction  and  the 
manufacture  of  the  storage  ring  modules  will  be  launched 
very  soon. 

6  INSERTION  DEVICES 

Among  the  proposed  ID  beamlines,  six  IDs  of  four 
different  kinds  have  been  identified  to  begin  operating  for 
the  commissioning  of  SOLEIL  (phase  1).  Table  2  presents 
their  principal  characteristics  and  Figure  2  shows  the 
expected  brilliance  performances. 


Table  2:  Principal  characteristics  of  the  IDs 


HU640 

HU256 

Numb. 

1 

1 

Energy 

5-40eV 

10-1000* 

eV 

80  -1500* 
eV 

3-18keV 

Type 

Electro. 

Electro. 

Apple  II 

Hybrid  in 
vacuum 

Polar. 

Circ./Lin. 

variable 

Circ./Lin. 

Circ./Lin. 

Linear 

Min. 

gap 

19  mm 

15  mm 

15  mm 

5.5  mm 

Period 

640  mm 

256  mm 

80  mm 

20  mm 

N.  per. 

14 

14 

21 

90 

®xmax 

®zmax 

0.09  T 
0.11  T 

1.03  T 

S.  Sect. 

mssm 

For  these  two  beamlines,  the  large  energy  range  to  be 
covered  requires  one  additional  undulator  (respectively 
HU60  and  HU40)  which  will  be  built  later. 


230 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


Photon  Energy 

Fig  2:  Brilliance  phase  1. 

The  elliptical  undulator  HU640 

HU640  is  designed  to  produce  any  kind  of  polarization 
from  linear  to  circular  by  tuning  the  values  of  the  vertical 
and  horizontal  components  of  the  field  (resp.  Bz  and  Bx) 
and  by  varying  the  phasing  between  both  components. 
The  magnetic  structure  is  composed  of  three  sets  of  coils 
(red,  blue  and  green  in  the  figure  1).  Green  coils  produce 
the  horizontal  components  Bx.  Blue  and  red  coils  which 
are  shifted  each  other  by  a  quarter  of  period,  produce  Bz. 
HU640  can  be  switched  rapidly  (rising  time  of  0.2  s  from 
-Bxmax  to  +Bxmax)  at  a  repetition  rate  of  1  Hz 
Both  Bz  and  Bx  are  produced  by  air-coils  in  order  to 
avoid  cross  talk  between  components.  The  operation  of 
the  ID  is  then  completely  linear  with  the  currents  injected 
in  each  set  of  coils. 


The  elliptical  undulator  HU2 5  6 

As  the  horizontal  field  required  for  vertical  polarization 
is  relatively  high  (0.275T),  no  existing  model  are 
available,  so  an  original  design  has  been  proposed,  taking 
into  account  that  the  design  of  the  vacuum  chamber  (made 
in  aluminium  with  NEG  coating)  does  not  need  any 
opening  in  the  medium  plan.  The  magnet  assembly  is 
constituted  by  an  alternated  succession  of  28  vertical 
dipoles  and  28  horizontal  dipoles,  magnetically 
independent. 

The  call  for  tender  for  these  2  undulators  will  be 
launched  in  July  2003. 


7  BEAM  POSITION  STABILITY 

In  order  to  avoid  differential  settlement  between  the 
experimental  hall  and  the  ring  tunnel)  the  chosen  solution 
consists  in  an  unique  slab  (0.80  m  thick)  for  storage  ring 
and  experimental  hall,  built  on  simple  piles  (548) 
anchored  down  to  the  sand  layer  at  -  15  m.  The  stability 
specifications  are  satisfied:  For  example,  when  a  new 
beamline  is  installed,  the  total  static  deformation  of  the 
neighbouring  beamline  and  of  the  nearest  point  of  the  ring 
will  be  less  than  40  pm. 

The  girders  have  been  carefully  designed  both  for  static 
specifications  and  dynamic  specifications  (3  jacks  with 
locking  system)  with  its  first  resonance  mode  higher  than 
40  Hz  in  order  to  avoid  any  amplification  of  technical  or 
cultural  noise. 

For  both  slow  and  fast  orbit  feedbacks  we  select  a  new 
type  of  BPMs  (electronics  DSP  based)  developed  by  I- 
Tech  company.  This  system  combines  the  advantages  of  4 
chaimels  system  (first  turns  and  turn  by  turn 
measurements)  and  those  of  electrode  multiplexing 
system  (good  intrinsic  stability  and  low  sensitivity  to 
beam  current  and  bunch  pattern)  thanks  to  a  new 
automatic  calibration  scheme  proposed  by  SOLEIL. 

8  TOP  UP  INJECTION 

The  injector  system,  composed  of  a  100  MeV  electron 
LINAC  followed  by  a  full  energy  (2.75  GeV)  booster 
synchrotron  has  being  designed  in  view  of  top-up 
injection: 

•  The  LINAC  specifications  have  been  defined  in 
order  to  be  able  to  compensate  a  lifetime  as  bad  as  4 
hours  by  injecting  one  pulse  every  2  min.  The 
contract  has  been  placed  in  October  2002,  first  tests 
are  expected  in  December  for  a  commissioning  in 
summer  2004. 

•  The  booster  design  (22  FODO  cells  with  36  dipoles) 
provides  a  150  nmrad  emittance  .  The  power  supplies 
(switching  type  with  digital  regulation  loop 
following  the  SLS  concept)  work  at  3  Hz  frequency 
and  can  be  operated  on  a  single  pulse  basis. 

The  dipoles  are  imder  construction  and  the  calls  for 
tenders  for  multipoles  have  been  launched  beginning 
April.  All  injection/extraction  elements  designs  are 
finalised, 
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PROGRESS  WITH  THE  DIAMOND  LIGHT  SOURCE  PROJECT 

R.P.  Walker,  Diamond  Light  Source  Ltd.,  Rutherford  Appleton  Laboratory,  UK, 
on  behalf  of  the  DLS  and  CCLRC  Diamond  Project  Team  staff 


Abstract 

The  current  status  of  the  detailed  design  and 
construction  of  the  UK’s  new  2^^  generation  light  source, 
Diamond,  is  described. 

INTRODUCTION 

The  Diamond  Light  Source  is  a  new  medium-energy 
high  brightness  synchrotron  light  facility  which  is  under 
construction  on  the  Rutherford  Appleton  Laboratoiy  site 
in  Oxfordshire,  U.K.  The  evolution  and  progress  of  the 
Diamond  project  has  been  reported  regularly  at 
accelerator  conferences  [1,2,3],  The  basic  design  is 
contained  in  the  Design  Specification  Report  which  was 
published  in  June  2002  [4],  Table  1  lists  the  main 
parameters  of  Diamond.  Injection  of  the  storage  ring  is  by 
means  of  a  100  MeV  Linac  and  fiill  energy  booster 
synchrotron. 

Table  1.  Main  parameters  of  the  Diamond  storage  ring 


Energy 

3GeV 

Circumference 

561.6  m 

Lattice 

24  cell  DBA 

6  fold  symmetry 

Current 

300  mA 

Lifetime 

>  lOh 

Emittance  (H.V) 

2.7,  0.03  nm 

No.  of  straights  available 
for  insertion  devices 

22 

At  the  end  of  March  2002  Diamond  Light  Source  Ltd. 
was  formed  under  a  Joint  Venture  Agreement  between  the 
UK  Government  and  the  Wellcome  Trust  and  the  project 
moved  into  the  construction  phase,  with  an  approved, 
fixed,  budget  for  the  facility  which  includes  an  initial 
complement  of  7  insertion  device  beamlines.  Significant 
progress  has  been  made  since  then  with  detailed  design, 
specification  and  procurement,  in  line  with  the  agreed 
project  plan  which  is  based  on  starting  user  operation  in 
January  2007.  The  first  contract  for  the  machine  has  been 
let  (the  Linac)  and  Calls  for  Tenders  have  been  issued  for 
the  storage  ring  quadrupoles,  superconducting  cavities 
and  amplifiers. 

BUILDINGS  AND  FOUNDATIONS 

The  consultants  for  the  design  of  the  buildings  and 
services,  JacobsGIBB  Ltd.,  were  appointed  in  January 
2002.  Scheme  design  was  completed  in  July  2002  and 
detailed  design  is  now  complete  in  some  areas  and  close 
to  overall  completion.  This  has  required  a  great  deal  of 
interaction  with  the  machine  team  to  define  details  of  the 
layout  of  the  machines  and  transfer  lines,  and  in  particular 


the  radiation  shielding,  personnel  labyrinths,  control  and 
instrumentation  areas  and  service  routes  etc.  Figure  1 
shows  the  overall  layout. 

In  January  this  year  the  Main  Contractor,  Costain 
Limited,  was  appointed  under  a  two-stage  contract.  The 
first-stage  covers  the  enabling  works  (and  other  services) 
which  started  on-schedule  in  March  2003.  The  main 
works  are  due  to  start  in  October  2003.  A  key  date  for  the 
project  as  a  whole  is  the  start  of  machine  installation 
which  is  scheduled  for  September  2004. 


Figure  1.  Layout  of  the  Diamond  Light  Source 

One  of  the  design  development  areas  that  has  involved 
a  close  interaction  with  both  machine  and  beamline 
designers  has  been  the  issue  of  the  foimdations.  It  has 
been  known  for  some  time  that  extensive  piling  would  be 
necessary  to  achieve  the  tight  specification  on  differential 
settlement  which  was  originally  set  at  0.1  mm/lOm/year 
for  the  storage  ring  (0.25  nun  for  the  experimental  hall). 
During  2002  a  detailed  set  of  site  investigations  was 
carried  out  involving  cone  penetration  tests,  trial 
boreholes,  test  piles,  analysis  of  soil  samples  etc.  to  gain 
further  information  about  the  nature  and  variability  of  the 
subsoil  on  the  Diamond  site.  In  addition,  measurements  of 
response  to  various  dynamic  excitations  were  made  in 
order  to  calibrate  a  numerical  model  that  was  used  to 
determine  the  relative  merits  of  different  foundation 
solutions  in  terms  of  vibration  behaviour.  In  parallel  with 
this,  various  simulations  of  the  effect  of  settlement  on  the 
machine  [5]  and  beamlines  were  made. 

The  results  of  this  work  confirm  that  even  to  achieve  a 
settlement  performance  that  is  within  an  order  of 
magnitude  of  that  originally  specified  a  piled  solution  is 
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necessary.  The  next  most  significant  factor  in  determining 
the  performance  of  the  fotmdation  is  whether  a  deliberate 
void  is  formed  between  the  slab  and  the  piles.  A 
compromise  is  necessary  between  better  static  behaviour 
(favouring  a  void  to  isolate  the  slab  from  the  shrink/swell 
movement  of  the  ground)  and  dynamic  behaviour 
(favouring  direct  contact  between  the  slab  and  the  ground 
to  reduce  vibrations).  The  final  choice  is  to  include  a 
void,  since  contact  with  the  ground  can  also  lead  to  an 
unwanted  localised  upward  heaving  between  the  piles,  the 
“pincushion”  effect,  introducing  significant  angles  which 
could  adversely  affect  both  machine  and  beamline 
operation.  A  moderately  thick  slab  (600  mm  for  the 
experimental  hall)  and  close  pile  spacing  (3  m)  were  then 
chosen,  particularly  to  improve  the  dynamic  behaviour, 
but  which  also  serves  to  reduce  differential  settlement. 
Finally,  to  avoid  the  introduction  of  localised  differential 
movements  between  source  and  experiment,  the 
experimental  hall  and  storage  ring  tuimel  slabs  will  be 
joined. 


LINAC 

Table  2.  Main  parameters  of  the  Diamond  Linac 


Energy 

100  MeV 

Multibunch  charge 

>3nC 

Multibunch  length 

300  ns 

Single  bunch  charge 

^1.5  nC 

Normalised  Emittance  (lo) 

<  50  mm  mrad 

Energy  spread  (total) 

^±1.5% 

The  100  MeV  Linac  pre-injector  will  be  supplied  by 
ACCEL  Instmments  GmbH  under  a  turn-key  contract. 
DLS  will  however  supply  vacuum,  controls  and 
diagnostic  equipment  in  order  to  standardise  components 
across  the  facility.  The  main  parameters  of  the  Linac  are 
given  in  Table  2.  Single-  and  multi-brmch  modes  of 
operation  will  be  provided  and  both  of  these  will  be 
possible  in  top-up  mode,  with  charges  as  low  as  50  pC, 
and  with  flexible  pulse  formats,  within  the  maximum 
repetition  rate  of  5  Hz. 

BOOSTER 

An  outline  booster  lattice  design  was  presented  in  [4,6] 
based  on  a  two-fold  symmetric  44-cell  FODO  structure 
with  8  missing  magnets,  producing  zero  dispersion 
regions  for  injection  (single-turn  on-axis),  extraction 
(single-turn),  RF  and  diagnostics.  Since  then  the  design 
has  been  refined  in  much  greater  detail,  in  particular  to 
define  aperture  requirements  and  study  non-linear 
dynamics  including  the  effects  of  eddy-current  induced 
sextupole  fields.  A  small  change  has  also  been  made  in 
circmnference  to  optimise  synchronisation  with  the 
storage  ring.  The  main  parameters  of  the  booster  are 
given  in  Table  3. 

The  aperture  calculations  take  into  account  beam  size 
and  residual  closed  orbit  errors  after  correction  of  magnet 


alignment  errors,  and  include  further  allowances  for  tune 
point  variation,  effects  of  ground  motion  and  other 
effects.  This  results  in  a  beam-stay-clear  (BSC)  aperture 
(total)  in  the  dipoles  of  44  mm  (horizontal)  x  16  mm 
(vertical).  Dynamic  aperture  calculations  including  the 
effect  of  induced  eddy  currents  show  that  a  thin-walled 
vessel  is  not  needed  and  that  a  1  nun  stainless  steel  vessel 
can  be  used  even  at  the  nominal  cycling  frequency  of  5 
Hz  (see  Fig.  2).  Taking  into  account  suitable  shape  and 
alignment  tolerances  leads  to  a  nominal  vacuum  vessel 
internal  dimensions  of  46  x  17.2  mm  and  a  final  magnet 
gap,  including  a  0.3  mm  thick  layer  of  material  for 
electrical  isolation,  of  21  mm. 


Table  3.  Main  parameters  of  the  Diamond  Booster 


Peak  Energy 

3  GeV 

Circumference 

158.4  m 

Lattice 

44  cell  FODO 

8  missing  dipoles 

Current  (max) 

6niA 

Tunes 

7.16,4.11 

Chromaticity 

-0.3,  -6.2 

Emittance  (3  GeV) 

135  nm  rad 

In  the  straight  sections  a  constant  aperture  will  be  used 
defined  by  the  maximum  in  the  F  and  D  quadrupoles.  The 
resulting  BSC  is  50.4  x  17.8  nun.  Internal  vacuum  vessel 
dimensions  of  52  x  24  have  been  chosen  to  produce  a 
more  readily  achievable  vacuum  vessel  cross-section 
without  affecting  the  magnet  inscribed  radius.  Allowing 
for  a  1  nun  gap  between  vessel  and  poles  leads  to 
inscribed  radii  of  21  mm  in  the  quadrupoles  and  24  mm  in 
the  sextupoles.  Dimensions  in  the  injection  and  extraction 
regions  have  not  yet  been  finalised. 


Dynamic  Apcrtarc 


Hori/omal  |mm| 

Figure  2.  Dynamic  aperture  in  the  booster  at  injection 
energy  and  zero  chromaticity,  taking  into  accotmt  eddy 
current  fields,  for  on-momentum  (red)  and  off-momentum' 
(-1.5  %,  black,  +  1.5  %  blue)  particles.  The  reference 
point  is  at  the  symmetry  point  in  the  region  of  zero 
dispersion.  The  box  indicates  the  required  aperture  for 
beam  size. 
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Outline  magnet  designs  based  on  these  apertures  have 
now  been  produced  and  vacuum  calculations  performed 
to  demonstrate  feasibility  of  the  proposed  pumping 
scheme.  An  outline  engineering  layout  of  the  magnets  and 
vacuum  system  has  also  been  produced,  covering 
everything  except  the  injection,  extraction  and  RF  cells.  A 
Call  for  Tender  for  these  magnet  and  UHV  vacuum 
assemblies,  moxmted  on  ready-to-install  girders  which 
make  up  137  m  of  the  booster  circumference,  will  soon  be 
made.  Figure  3  shows  the  outline  design  for  one  such 
assembly.  This  strategy  was  chosen  in  order  to  make  best 
use  of  the  limited  in-house  resources,  while  still  allowing 
DLS  to  maintain  control  of  the  overall  system  and  profit 
from  specialised  manufacture  for  the  injection  and 
extraction  elements,  power  supplies,  RF  system,  controls 
and  diagnostics  etc. 


Figure  3.  Booster  magnet  and  vacuum  assembly  unit. 

The  outline  magnet  designs  are  sufficient  to  fix  the 
power  supply  parameters  and  allow  procurement  to 
proceed  in  parallel.  The  power  supplies  will  be  of  a 
switched-mode  type  to  enable  the  flexibility  needed  for 
top-up  injection.  Since  the  resulting  peak  ouQ3ut  voltage 
of  the  dipole  supply  of  2.05  kV  is  quite  high  (with  the 
nominal  peak  current  of  870  A  for  3  GeV  operation  plus  a 
10  %  working  margin  and  assuming  a  biased-sine  wave 
excitation  at  5  Hz),  cost  and  reliability  issues  become  a 
concern  and  so  a  reduction  of  the  repetition  rate  is 
presently  under  consideration. 

STORAGE  RING 

A  change  in  philosophy  of  the  engineering  layout  has 
recently  been  agreed,  namely  to  incorporate  the  dipole 
magnets  on  the  girders  whereas  they  were  previously 
separate.  This  has  several  advantages  such  as  allowing 
more  pre-assembly  work,  minimising  the  number  of 
handling  operations  in  the  ring  building,  improving 
relative  aligmnent  of  the  dipoles  and  crotch  vessels  with 
respect  to  the  straights,  and  easing  the  design  and 
operation  of  motorised  girder  positioning  system.  It  also 
reduces  the  number  of  vacuum  connections  to  be  maHp 
between  externally  baked  assemblies  from  4  to  2  in  each 
achromat.  The  design  philosophy  remains  that  there  will 
be  no  in-situ  bakeout  (except  of  ID  vessels),  as  discussed 
and  reconfirmed  at  a  recent  international  workshop  [7]. 
Figure  4  shows  the  largest  of  the  modified  girders,  6  m 


long  and  weighing  an  estimated  16.7  T.  Further  work  has 
also  been  carried  out  to  refine  the  pumping  scheme. 
Figure  5  shows  the  layout  of  the  vacuum  system  for  a 
complete  achromat,  with  manual  valves  to  allow  future 
front-end  installation  without  letting-up  the  ring. 


Figure  4.  Extended  storage  ring  girder  assembly 


o 


Figure  5.  Vacuum  system  assembly  for  one  achromat. 
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Abstract 

During  April,  2003,  the  SPEAR  2  storage  ring,  which 
served  the  high  energy  physics  community  from  1972  to 
1987,  and  the  synchrotron  radiation  community  for  an 
additional  15  years,  was  removed  from  its  shielding 
tunnel  in  order  to  install  the  new  3-GeV,  500-mA  SPEAR 
3  light  source.  From  May  to  November,  SSRL  will 
excavate  the  tuimel  floor  and  pour  a  new  concrete  floor, 
and  then  install  pre-assembled  girders  holding  magnets, 
copper  vacuum  chambers,  PEP-II-style  rf  cavities,  and 
beam  line  front  end  components.  At  the  same  time, 
power  supply,  instrumentation  and  control,  and  other 
ancillary  systems  will  be  configured,  leading  to  a 
commissioning  period  beginning  in  November  2003.  The 
progress  of  accelerator  component  implementation  and 
installation  during  the  final  year  of  the  project  will  be 
reviewed. 

1  OVERVIEW 

The  SPEAR  3  upgrade  project  [1,2]  is  in  its  final  year 
with  commissioning  scheduled  to  begin  in  November 
2003.  The  new  ring,  with  basic  parameters  summarized  in 
Table  1,  will  provide  one  to  two  orders  of  magnitude 
higher  performance  than  SPEAR  II  and  will  benefit  the 
materials  science,  molecular  enviromnental  science, 
structural  molecular  biology  and  macromolecular 
crystallography  communities.  The  4-year,  58  M$  SPEAR 
3  upgrade  project  is  administered  by  the  DOE,  with 
~50%  joint  funding  from  NIH.  Now  >85%  complete,  the 
project  will  completely  replace  the  tunnel  floor,  rafts, 
vacuum  chamber,  magnets,  RF,  power  supplies  and  cable 
plant  in  a  7-month  shutdown  period  that  began  March  31. 

At  this  writing,  the  SPEAR  2  storage  ring  no  longer 
exists.  All  SPEAR  2  magnet  girders,  vacuum  chambers, 
power  supplies,  and  most  cables  and  controls  have  been 
removed  from  the  SPEAR  site  (Fig  1).  Shielding,  utilities 
and  other  ancillary  systems  have  already  been  modified, 
and  a  large  fraction  of  the  new  cable  plant  has  been 
installed  in  trays  outside  the  tunnel.  Modified  transport 
line  components  and  a  new  septum  magnet  are  nearly 
complete  and  will  enable  3-GeV  injection.  The  10-Hz 


Table  1 :  Parameters  for  SPEAR  2  and  SPEAR  3. 


SPEAR  2 

SPEAR  3 

Energy 

3GeV 

3  GeV 

Current 

100  mA 

500  mA 

Emittance  (w/ID) 

160  nm-rad 

18  nm-rad 

RF  frequency 

358.5  MHz 

476.3  MHz 

RF  gap  voltage 

1.6  MV 

3.2  MV 

Lifetime  @  Imax 

30  h 

>17h 

Critical  energy 

4.8  keV 

7.6  keV 

Times  (x,y,s) 

7.18,5.28,.019 

14.19,  5.23,  .007 

e-  o  (x,y,s)  -  ID 

2.0,. 05,23  mm 

0.43,0.3,4.9  mm 

e-  o  (x,y,s)-dipole 

.79,.20,23  mm 

.16,.05,4.9mm 

Injection  energy 

2.3  GeV 

3  GeV 

Figure  1 :  Removal  of  SPEAR  2  magriet/chamber  girders. 


booster  synchrotron,  which  has  been  operating  for  2.3- 
GeV  injection  since  1990,  has  been  modestly  upgraded 
for  3-GeV  operation.  The  progress  and  difficulties  of 
SPEAR  3  ring  implementation  are  discussed  below. 

2  ACCELERATOR  SYSTEM  PROGRESS 

All  of  the  36  gradient  dipoles  [3],  94  Collins-type 
quadruoles,  72  sextupoles  and  108  IW  corrector 
magnets,  plus  spares  for  each,  have  been  received  from 
IHEP,  Beijing,  magnetically  measured,  fiducialized,  and 
are  presently  being  installed  on  support  rafts  (Fig.  2). 


^Work  supported  in  part  by  Department  of  Energy  Contract  DE-AC03-76SF00515  and  Office  of  Basic  Energy  Sciences,  Division  of 
Chemical  Sciences. 
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With  a  few  modifications  to  fabrication  methods,  which 
included  a  small  change  to  the  quadrupole  pole  chamfer 
(Fig.  3),  the  magnets  met  or  exceeded  specification. 
Current-to-field  transfer  functions  have  been  derived  for 
each  magnet  family  and  fitted  with  5th-order  polynomials 
to  be  used  for  control.  A  ~2%  reduction  in  the  measured 
15Q  transfer  function  accounts  for  field  truncation  by 
nearby  corrector  field  clamp  shields.  Magnetic 
measurement  of  the  vertical  Lambertson  septum  magnet 
is  in  progress;  the  end-field  mirror  plate  is  being  modified 
to  minimize  field  leakage  (towards  a  goal  of  <10  G-m). 


Figure  2:  Magnet  raft  on  Figure  3 :  Sub-mm  cut  in 
installation  rollers.  Grouted  quad  chamfer  reduced  n 
mounting  plate  in  foreground.  =6  multipole  to  <5x10'^. 

Production  and  bake-out  of  56  copper  girder  vacuum 
chambers  was  successfully  completed  in  April.  The 
height  of  the  slot  between  beam  duct  and  antechamber, 
which  is  critical  to  minimize  the  risk  of  damage  from 
mis-steered  ID  synchrotron  radiation  (SR),  was  held  to 
±1.75  mm  per  horizontal  surface,  measured  using  a  novel 
device  that  utilized  optical  tooling  to  scan  the  inside  walls 
of  the  completed  chamber.  The  orbit  interlock  trip  level 
was  modified  for  an  effective  slot  height  of  ~8  mm  to 
accommodate  vacuum  deflection,  alignment  tolerances 
and  measurement  uncertainties.  Additional  engineering 
analysis  was  required  during  the  production  of  these 
chambers  to  reduce  stresses  in  the  welds.  Unanticipated, 
large  hard  plane  bows  from  the  machining  of  the  copper 
created  a  need  to  optimize  the  machining  process, 
welding  set-up  and  bulk  material  production.  Late  beam 
position  monitor  (BPM)  design  changes  coupled  with  a 
change  in  manufacturing  facility  resulted  in  a  less  robust 
unit  than  its  PEP-II  predecessor.  Extensive  weld 


Figure  4;  BMl  chamber  after  bake-out. 


parameter  development  limited  stresses  in  the  BPMs. 
Fabrication  of  straight  section  chambers  and  components 
is  in  progress  or  complete,  including  3  new  copper-plated 
ID  chambers,  septum  chamber,  injection  kickers,  tune 
driver,  PPS-beam  stoppers,  DCCT  [4],  low-Z  drift, 
transition  chambers  and  6  styles  of  rf-shielded  bellows 
modules. 

The  PEP-II  LER  titanium  sublimation  pump  design 
was  adapted  for  this  machine.  Due  to  space  constraints  a 
smaller  8"-diameter  pump  was  designed  and  the  filament 
was  reoriented  from  vertical  to  horizontal  to  increase  the 
pump  fin  surface  area  that  was  exposed  to  Ti  deposition. 
Delivery  of  the  4  PEP-II-style  rf  cavities  from  Accel  in 
Germany  was  delayed  because  of  welding-induced 
leakage  problems  with  the  copper  plating  that  covers  the 
water  cooling  channels.  The  problem  was  resolved  by 
replacing  the  "brightened"  copper  plating,  which  contains 
an  additive  to  form  very  small  grain  size  that  produces  a 
hard,  easy-to-machine  coating,  with  pure  copper  plating, 
as  was  done  for  the  original  PEP  cavities  (Fig.  5).  Three 
cavities  from  have  now  been  received  at  SLAG,  and  two 
have  been  tested  at  full  voltage  (850  kV)  with  HOM 
loads  and  waveguide  windows.  Other  rf  system 
components  are  being  installed,  including  the  HV  power 
supply  (which  had  problems  with  oil  leaks  in  the  optically 
triggered  crowbar  SCRs),  1.2  MW  klystron  (which 
required  repair  after  operation  at  PEP-II),  and  digital  low- 
level  control  system  (which  had  to  be  redesigned  by  an 
“emergency”  task  force  to  overcome  the  unavailability 
obsolete  parts  after  the  original  designers  left  SLAG). 


Figure  5:  RF  cavity  body  plated  with  leaky  "brightened” 
copper  (left)  and  leak-tight  pure  copper  (right). 


All  magnet  power  supplies  (1-  MW  dipole  supply,  6 
large  supplies  (-100  kW)  for 
magnet  strings,  80  intermediate 
supplies  (-10  kW)  for  individual 
magnets,  and  150  bipolar  supplies 
for  correctors  and  ID  trims)  have 
been  delivered  and  are  being 
tested.  These  supplies  use  IGBT 
chopper  technology  and  are 
digitally  controlled.  The  3  IGBT 
kicker  magnet  induction  pulsers 
(Fig.  6)  are  also  complete  and 
tested.  The  pulsers,  intermediate 
and  bipolar  supplies  are  being  pre¬ 
assembled  in  racks  to  reduce 
installation  time. 
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Implementation  of  software  and  hardware  interface 
components  will  continue  up  to  the  end  of  the  project. 
Channel  Access  servers  have  been  added  to  the  existing 
VMS  computers  to  enable  EPICS  compliance.  Several 
EPICS  lOCs  have  been  configured  on  PowerPCs  using 
the  RTEMS  real-time  operating  system  [5],  including 
those  for  power  supply  control,  BPM  data  acquisition, 
and  for  interfacing  to  PLC  protection  systems.  Machine 
modelling  and  control  applications  are  being  configured 
by  the  accelerator  physics  group  using  MATLAB™  with 
Channel  Access  [6].  Applications  include  SVD  orbit 
correction  and  slow  feedback,  quadrupole  modulation 
lattice  calibration  [7],  LOCO  [8],  the  Accelerator 
Toolbox  [9],  orbit  interlock  verification  algorithm,  and 
lattice  parameter  control.  Hardware  interfaee 
components  are  in  production,  including  units  to  receive 
analog  signals  from  commercial  BPM  processors,  filter 
the  signals,  and  distribute  them  to  the  digital  orbit 
acquisition  system  and  to  the  analog  orbit  interlock. 

The  majority  of  the  BPM  processing  system  (54  out  94 
chaimels)  consists  of  switched-button  processors,  which 
have  been  received  from  Bergoz,  and  are  now  being 
tested.  The  multiplexed  down-converted  button  signals 
are  digitized  directly  with  16-bit  ADCs  for  precise  orbit 
detection,  bypassing  the  analog  de-multiplexing  and 
difference/sum  circuitry  in  the  processors.  The  analog- 
processed  signals  are  used  for  the  orbit  interlock.  Non- 
multiplexed,  parallel-button  RF-IF  processors  with 
externally  coupled  test  tone  are  also  being  designed, 
which,  in  combination  with  Echotek  ECDR814  digital 
receivers,  will  provide  P‘-tum,  tum-tum  (with  micron 
resolution),  and  high-resolution  averaged  orbit 
acquisition.  Orbits  will  be  acquired  from  the  two  types  of 
processors  at  a  4  kHz  rate  over  dedicated  100-Mb 
Ethernet  LANs  to  a  central  CPU,  which  will  perform  an 
SVD  orbit  feedback  algorithm  at  that  rate  and  serve  low- 
pass-filtered  orbits  to  the  control  system.  24-bit  orbit 
corrector  setpoints  will  be  transmitted  to  54  vertical  and 
54  horizontal  bipolar  power  supplies  over  digital  control 
links  at  the  4  kHz  rate  [10],  enabling  a  closed-loop 
feedback  bandwidth  of  ~200  Hz. 

Other  I&C  systems  to  be  completed  by  October 
include  PLC-based  machine  protection  systems,  the  orbit 
interlock  system  (that  prevents  damage  to  the  vacuum 
chamber  and  photon  beam  lines  from  mis-steered 
synchrotron  radiation),  a  beam  current  interlock  (that 
prevents  over-filling  the  ring),  and  a  UV  synchrotron 
light  monitor  capable  of  resolving  the  50-pm  vertical 
beam  size  [11].  The  rf  and  timing  signal  generating 
system  and  the  358  MHz  I/Q  phase  shifting  unit  used  to 
control  injection  timing  in  the  booster  are  complete. 

3  INSTALLATION  AND  OPERATION 

With  the  removal  of  all  SPEAR  2  components  and  the 
excavation  of  the  tunnel  and  power  supply  room  floors 
complete,  the  remainder  of  the  SPEAR  3  installation  can 


begin.  The  pouring  of  new  concrete  floors  for  the  tunnel, 
which  has  been  excavated  ~18”  to  solid  sandstone,  and 
for  the  power  supply  room  is  about  to  eommence.  In  a 
month,  the  low-shrinkage  concrete  will  have  stabilized 
enough  to  begin  installing  new  alignment  momunents.  In 
July,  raft  mounting  plates  with  alignment  pins  will  be  set 
precisely  into  the  floor  and  hundreds  of  support  mounting 
holes  will  be  drilled.  The  pre-assembled  magnet  rafts  and 
straight  section  assemblies  will  be  rolled  into  the  tunnel 
and  seemed  over  a  2-week  period  beginning  in  mid- 
August.  Vacuum  hardware  will  be  installed  and  pumped 
down  between  mid- August  and  mid-October.  The  tunnel 
cable  plant  and  IDs  will  be  installed  in  this  period  as  well. 
Final  alignment  will  take  place  during  the  last  half  of 
October,  with  ring  lock-up  scheduled  for  October  30. 
System  check-outs  will  take  place  in  November,  and 
commissioning  with  beam  will  begin  in  December. 
Photon  beam  lines  will  be  commissioned  as  well,  and  will 
be  used  by  local  users  as  beam  becomes  available.  A 
gradual  transition  from  commissioning  to  user  operation 
is  expected  during  the  first  several  months  of  operation, 
with,  monthly  days-long  ring  accesses  anticipated  for 
continuing  beam  line  component  and  shielding 
installation  and  accelerator  maintenance. 

The  first  SPEAR  3  operational  run  will  be  at  100  mA 
since  most  of  the  photon  beam  lines  will  not  have  been 
upgraded  for  500  mA  operation.  To  reduce  the 
installation  period,  not  all  ring  shielding  and  ID  chamber 
masks  needed  for  500  mA  will  be  in  place  at  first;  these 
components  will  be  installed  by  the  second  run  beginning 
Fall,  2004.  Periodic  500-mA  operation  will  then  be 
possible,  with  un-upgraded  beam  lines  locked  shut.  500- 
mA  operation  for  all  beam  lines  is  scheduled  for  2007. 
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SESAME,  A  2.5  GEV  SYNCHROTRON  LIGHT  SOURCE  FOR  THE  MIDDLE 

EAST  REGION 

D.Einfeld’,  R.H.Sarraf^,  M.Attal^,  K.Tavakoli^,  H.Hashemi"*,  H.Hassanzadegan'*,  E.  Al-Dmour*, 
B.Kalantari^,  A.Aladwan^,  H.Tarawneh®,  S.Vamasery’ 


Abstract 

Developed  under  the  auspices  of  UNESCO,  SESAME 
(Synchrotron  light  for  Experimental  Science  and 
Application  in  the  Middle  East)  will  be  a  major 
international  research  center  in  the  Middle  East  and 
Mediterranean  region  where  most  of  the  applications 
require  hard  x-rays  up  to  20  KeV  photons.  At  the  6th  of 
January  2003  the  official  foundation  of  SESAME  as  well 
as  the  ground  breaking  for  the  building  took  place.  The 
accelerator  SESAME  is  based  upon  the  synchrotron  light 
source  BESSY  I,  which  was,  with  the  operation  of 
BESSY  II,  devoted  to  SESAME.  The  original  plan  was  to 
upgrade  BESSY  I  to  an  energy  of  1  GeV  and  use  super 
conducting  wigglers  to  reach  20  keV  photons.  According 
to  the  present  design  SESAME  will  be  a  2.5GeV  3rd 
Generation  light  source  with  an  emittance  of  24.6  nm.iad 
and  up  to  13  places  for  the  installation  of  insertion 
devices  with  an  average  length  of  3.1  meters.  The 
circumference  of  the  machine  will  be  124.8  m.  As  injector 
the  800  MeV  Booster  Synchrotron  of  BESSY  I  will  be 
used  with  minor  changes.  At  SESAME  around  39.7%  of 
the  circumference  can  be  used  for  the  installation  of 
insertion  devices.  At  the  beginning  of  operation  6  beam 
lines  should  be  installed. 

INTRODUCTION 

According  to  the  workshops  held  in  the  Middle  East 
Region  the  scientific  case  for  SESAME  includes 
structural  molecular  biology,  molecular  environmental 
science,  surface  and  interface  science,  micro  mechanical 
devices,  x-ray  imaging,  archaeological  microanalysis, 
material  characterization,  and  medical  applications.  Most 
of  this  applications  require  hard  x-rays  up  to  20  KeV 
photons.  Within  the  “Green  Book”-design  [1]  this  20  KeV 
can  be  reached  by  upgrading  BESSY  I  from  0.8  to  1  GeV 
and  use  7.5  T  super  conducting  wigglers.  In  order  to 
increase  the  number  of  hard  X-ray  beam  lines  it  was 
decided  to  upgrade  the  SESAME  to  2.0  GeV  and  to 
optimize  the  design  for  a  higher  brilliance  with  a  larger 
number  of  straight  sections  (White  Book)  [2].  According 
to  the  “V'  User  Workshop  of  SESAMA”  in  Amman, 
October  2002,  it  should  be  possible  to  reach  the  selenium 
K-edge  with  in-vacuum  undulators.  This  is  only  possible 
by  increasing  the  energy  to  2.5  GeV.  The  proposed 
upgrade  to  this  energy  is  presented  in  this  paper. 


UNESCO  office  Amman,  Jordan.  ^  Al-Balqa  Applied  University,  Alt- 
Salt,  Jordan.  ^  LURE,  Orsay,  France.  “  DESY  Hamburg,  Germany.  ’ 
Swiss  Light  Source,  Villingen,  Switzerland.  ®  MAX-Lab,  University 
Lund,  Lund,  Sweden.  ’  Daresbury  Laboratory,  Daresbury,  United 
Kingdom. 


NEW  LATTICE 

For  the  new  lattice  a  so  called  “TME-Optic”  [3]  was 
chosen,  which  gives  the  smallest  emittance  and  it  should 
give  the  highest  percentage  of  the  circumference, 
dedicated  to  the  installation  of  the  insertion  devices.  The 
basic  elements  of  the  lattice  are  a  combined  function 
bending  magnets,  with  a  set  of  quadrupoles  and 
sextupoles  on  each  side.  The  combined  bending  magnets 
perform  the  deflection  and  the  focusing  in  the  vertical 
direction,  the  quadrupoles  make  only  the  horizontal 
focusing. 


Figure  1:  Optical  functions  of  SESAME  lattice.  The  green 
line  represents  dispersion,  the  pink  circles  represent  the 
BPMs,  while  the  correctors  will  be  inside  the  sextupoles. 


Table  1 :  Main  parameters  of  the  new  SESAME  upgrade 


Parameters 

Values 

E  (GeV),  No.  of  BMs 

2.5 ,  16 

C(m),Z(Str.Sec.)/C 

124.8 ,  39.7% 

e,  (nm.rad) 

24.6 

Qx ,  Qz 

7.217,  5.192 

Cx,4z 

-13.1  ,  - 13.8 

Px ,  Pz ,  T|X  (m) 

11.12,1.89,  0.453  (8  sec.) 

10.9, 1.73,  0.534  (other  8  sec.) 

Bo(T),  n  (strength) 

1.4,  12.9  (k  = -0.3636  m'^) 

No.,  Gr.  of  Quads 

32  (2  families)  19  T/m 

No.,  Gr.  of  Sext. 

64,  116T/m2 

No.  of  Str.  Sec. 

16(8x3m  +  8x3.19m) 

0-7803-7738-9/03/517.00  ©  2003  IEEE 


238 


P*roceedings  of  the  2003  Particle  Accelerator  Conference 


The  machine  functions  of  one  unit  cell  are  given  in 
figure  1.  and  the  main  parameters  of  the  ring  are 
siunmarized  in  table  1.  For  operational  purposes  it  must 
be  possible  to  change  the  vertical  tuning.  For  SESAME 
the  gradient  in  the  bending  magnets  must  be  varied  by 
±6%  in  order  to  change  the  tune  by  ±0.5.  Using  pole-face 
windings  that  will  be  introduced  into  the  bending  magnets 
will  do  this.  To  reach  a  sufficient  d5mamic  aperture  and  an 
energy  acceptance  of  4%,  chromatic  and  harmonic 
sextupoles  have  to  be  used.  The  arrangements  of  the 
magnets  within  one  cell  are  given  in  figure  2  and  the 


layout  of  the  whole  storage  ring  is  given  in  figure  3.  It 
should  be  noted  here  that  the  above  optics  is  the  original 
one  from  paper  [2]  and  it  could  be  changed  a  bit  to  get  the 
optimum  optics  for  high  brilliance  due  to  different 
insertion  devices  number  and  types  according  to  the 
requirements  of  the  users. 

LAYOUT  OF  THE  MACHINE 

The  layout  of  one  cell  is  given  in  figure  2.  The  main 
elements  are  the  22.5  degrees  vertical  focusing  bending 


Figure  2:  Arrangements  of  magnets  within  one  unit  cell  of  the  storage  ring  SESAME. 


Figure  3 :  Layout  of  the  2.5  GeV  storage  ring  of  SESAME 
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magnets  with  the  quadrupoles  and  sextupoles  are  located 
around  it.  The  average  length  of  the  straight  sections  is 
3.1  meters.  It  is  foreseen  to  extract  two  beam  lines  (6°  & 
14.5°)  from  each  bending  magnet  in  addition  to  one  zero- 
degree  line  which  comes  from  upstream  insertion  device. 
The  layout  of  the  whole  storage  ring  with  the  800  MeV 
BESSY  I  booster  synchrotron  is  shown  in  figure  3. 

COMPONENTS  OF  THE  MACHINE 

The  original  BESSY  I  injector  will  be  used  with  some 
modifications.  Instead  of  the  10  Hz  white  circuits,  1  to  3 
Hz  fast  power  supplies  will  be  used.  Hence  all  power 
supplies  have  to  be  replaced.  With  this  transaction  the 
current  for  all  power  supplies  will  be  increased  in  order  to 
upgrade  the  energy  of  Ae  injector  from  0.8  to  1  GeV.  At 
this  energy  the  flux  in  the  bendings  is  1.25  T.  Perhaps  in  a 
later  stage  the  20  MeV  Microtron  as  pre-injector  will  be 
replaced  by  a  50  MeV  linac  or  racetrack  microtron. 

According  to  the  upgrading  of  2.5  GeV,  the  bending 
magnets  with  a  flux  of  1.4  Tesla  and  a  gradient  of  3  T/m 
must  be  new.  This  is  also  true  for  the  quadrupoles  and 
sextupoles.  Wth  the  changes  of  the  circumference  from 
64  to  124.8  m  the  vacuum  system  must  be  new.  It  will  be 
an  antechamber  system  like  SLS  or  the  CLS.  All  photons 
will  be  stopped  at  lump  absorbers.  Overall  a  pimiping 
speed  of  32000  L/s  will  be  installed  in  order  to  get  after 
one  year  of  operation  an  average  pressure  of  1  nTorr. 

The  RF-system  will  be  build  up  in  steps  too,  which  are 
determined  by  the  donations  of  other  laboratories.  DESY 
will  donate  to  the  project  some  250  kW  klystrons  and 
ELETTRA  a  cavity  and  the  low  level  electronics.  The 
layout  of  the  RF-system  will  be  the  same  as  for  ANKA. 
All  the  power  supplies  for  the  project  will  be  build  in 
collaboration  between  SESAME  and  the  Yerevan  Physics 
Institute  (Yeiphi).  The  intention  is  to  use  the  higher  power 
parts  of  the  old  power  supplies  and  replace  the 
electronics.  For  the  control  system  we  expect  some 
donations  from  the  Swiss  Light  Source.  The  concept  is 
based  upon  EPICS  but  for  graphical  user  interface  we 
take  the  ANKA  approach.  The  same  control  system  will 
be  used  for  both,  the  machine  and  the  beam  lines.  The 
whole  diagnostics  system  for  the  SESAME  storage  ring 
will  be  new. 


- 2.5  GeV 

Figure  4:  Brilliance  of  the  synchrotron  radiation  emitted 
from  the  stored  beam  in  the  bending,  wigglers  and 
undulators. 
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BRILLIANCE  OF  RADIATION 

The  brilliance  of  the  emitted  radiation  of  a  400  mA 
stored  beam  from  the  different  sources  are  presented  in 
figure  4.  For  the  bending  magnet  it  is  given  for  the 
energies  1.0, 1.5, 2.0,  and  2.50  GeV.  For  the  wigglers  with 
the  maximum  flux  density  of  2.0  T  (WlOO),  2.5  T  (W120) 
and  3.5  T(W80).  For  the  undulators  with  the  period  length 
of  40  mm  (U40),  25  mm  (U25)  and  14  mm  (U14).  U25  is 
an  in-vacuum  undulator  and  U14  is  an  super  conducting 
mini  undulator. 
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Abstract 

To  address  the  growing  needs  of  the  NSLS  user 
community  we  are  aggressively  pursuing  R&D  towards  a 
facility  upgrade.  The  present  goals  are  a  3  GeV  ultra-low 
emittance  storage  ring,  tailored  to  the  5-20  keV  photon 
energy  range,  that  will  triple  the  present  NSLS  ID 
capacity,  and  provide  three  orders  of  magnitude  increase 
in  brightness  over  the  present  brightest  NSLS  beamlines. 
To  achieve  these  goals  we  propose  a  24  period  TEA 
lattice,  with  extensive  use  of  super-conducting  small  gap 
undulators.  This  paper  reviews  our  preliminary  design 
and  the  key  accelerator  physics  issues. 

MOTIVATION,  SCOPE  AND  GOALS 

The  NSLS  facility  was  designed  in  the  late  1970s  and 
consists  of  two  2nd  generation  storage  rings  emphasizing 
the  production  of  high  flux  synchrotron  radiation  (SR) 
from  bending  magnets.  These  rings  were  the  first  DBA 
(Double  Bend  Achromat)  lattices  in  the  world.  The 
smaller  800  MeV  VUV  ring  covers  the  photon  energy 
range  from  far  infrared  to  >0.6  keV.  The  X-ray  ring  now 
operates  up  to  2.8  GeV,  providing  photons  up  to  26  keV, 
with  brighmess  several  orders  of  magnitude  higher  than 
its  design  value.  At  this  stage,  however,  there  is  no 
foreseeable  way  to  decrease  the  horizontal  emittance 
significantly  below  60  nm  which,  once  the  SPEAR 
upgrade  is  complete,  will  leave  the  NSLS  X-ray  ring  far 
behind  the  other  three  US  DOE  operated  light  sources. 
Additionally,  the  8-fold  periodicity  of  the  lattice  severely 
limits  the  number  of  insertion  devices  (ID).  Today’s  most 
important  and  challenging  scientific  problems  require  x- 
rays  with  higher  average  brightness  than  can  be  produced 
by  the  NSLS. 

A  significant  number  of  these  problems,  including  a 
rapidly  expanding  field  of  structural  biology,  are  primarily 
Interested  in  the  5-20  keV  energy  range.  While  our  user 
case  is  still  refining  we  are  now  intending  to  provide  the 
maximum  average  brightness  in  this  energy  range 
emphasizing  a  high  average  current  multi-bunch 
operations. 

While  linac-based  SR  sources  are  being  considered  at 
this  time,  acting  on  the  recent  recommendations  of  the 
DOE  Basic  Energy  Sciences  Advisory  Committee,  that 
emphasized  conservative  approach  to  the  NSLS  upgrade, 
we  are  now  concentrating  on  a  3’^'*  generation  storage  ring. 

The  main  design  goals  for  the  storage  ring  are: 

1)  Deliver  an  average  brightness  in  the  range  of  10^“- 


*Work  supported  by  US  DOE 
*boris@bnI.gov 


10^'  photons/second/0.1%bw/mm^/mr^  for  5-20  keV 
photons  (xlO’  gain  over  the  present  NSLS  brightest 
beamline  X25). 

2)  Provide  at  least  20  undulator  straight  sections. 

3)  Meet  the  user  requirements  at  minimum  cost. 

OVERVIEW  AND  BASIC  PARAMETERS 

By  reducing  vertical  coupling,  3rd  generation  light 
sources  can  obtain  diffraction-limited  emittance  in  the 
vertical  plane,  making  the  brightness  inversely 
proportional  to  the  horizontal  emittance.  For  a  given 
number  of  straight  sections,  smaller  horizontal  emittance 
is  achievable  by  going  to  a  larger  number  of  bending 
magnets  per  period.  To  meet  the  needs  for  more  undulator 
beamlines,  we  did  try  to  fit  a  higher  periodicity  lattice  in 
the  existing  170  m  long  tunnel  but,  found  no  solution  to 
provide  a  competitive  light  source.  It  was  also  felt  that  a 
long  shutdown  for  construction  would  have  a  severe 
impact  on  the  present  NSLS  user  program.  Consequently 
the  proposed  upgrade  has  a  larger  circumference  ring 
situated  close  to  the  present  NSLS  and  the  new 
Brookhaven  Center  for  Functional  Nanomaterials.  The 
new  storage  ring  (NSLS-II)  will  have  a  full-energy 
booster  for  top-off  mode  operation. 

Based  on  extensive  lattice  design  studies,  providing  a 
horizontal  emittance  in  the  1-2  nm  range  with  a  24  period 
lattice  and  4  m  long  ID  straight  sections  would  require  a 
circumference  -0.5  km.  A  diffraction  limited  vertical 
emittance  for  1  A  then  fixes  the  coupling  at  -0.5%. 

Beam  current  is  usually  limited  by  file  SR  heating  of 
vacuum  chamber  components  and  often  specifically  by 
the  heat  load  on  the  wall  of  the  dipole  chamber.  With  our 
choice  of  bending  radius  and  0.5  A  beam  current,  the  SR 
wall  heating  of  10  W/m  is  similar  to  what  is  routinely 
handled  in  the  PEP-II  B-factory.  Limitations  coming  from 
collective  effects  are  described  below. 

While  the  combination  of  increased  beam  current  and 
reduced  emittance  will  improve  the  brightness  by  more 
than  a  factor  of  1 00  for  the  bending  magnet  users,  it  is  not 
going  to  get  us  all  the  way  to  the  design  goal.  We 
believe,  however,  that  extending  the  mini-gap  undulator 
(MGU)  technology,  successfully  used  in  the  present 
NSLS,  into  a  super-conducting  regime  will  accomplish 
that  goal.  Assuming  device  parameters  that  We  believe 
will  be  achievable  after  several  years  of  aggressive  R&D, 
the  design  ring  of  3  GeV  should  produce  continuous 
coverage  up  to  20  keV.  Brightness  curves  for  these  and 
other  IDs  are  shown  in  Fig.  1,  where  NSLS-II  ID  length  is 
assumed  to  be  2  m  for  in-vacuum  IDs  and  2.5  m 
otherwise.  The  small  gap  super-conducting  undulator 
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(SCU)  will  be  the  workhorse  of  NSLS-II  used  in  up  to  18 
ID  straights.  Other  IDs  may  include  soft  x-ray  tmdulators 
(SXU)  and  super-conducting  wigglers  (SCW,  not  shown). 


Photon  Enerev 

Figure  1:  Brightness  curves  for  NSLS-II  (dash,  color), 
and  for  present  NSLS  (solid  black  and  grey). 


Key  machine  parameters  are  summarized  in  Table  1  and 
are  further  described  in  the  rest  of  the  paper. 

Table  1 :  Ring  Parameters  (preliminary) 


Nominal  Energy 

3  GeV 

Circumference 

523  m 

Number  of  periods 

24  TBA 

Max.  ID  Length 

4m 

Natural  Emittance 

1.5  nm 

Betatron  Coupling 

0.5% 

Momentum  Compaction 

0.000187 

Bend  Radius 

7.64  m 

Times  H/V 

36.38/13.72 

Energy  Spread 

0.095% 

RF  Frequency 

500  MHz 

RF  Bucket  Height 

3% 

Natural  Bunch  Length  (rms) 

13  ps 

Maximum  Current 

500  mA 

SMALL  GAP  UNDULATORS 

Medium-energy  rings  must  use  short-period  (~  1  cm) 
undulators  to  generate  tunable,  multi-keV  photon  beams. 
Permanent  ma^et  (PM)  based,  short-period,  in-vacuum 
undulators,  which  the  NSLS  has  pioneered  in  the  past 
decade,  suffer  from  low  fields,  low  K  values  (~1),  limited 
timing  range  and  incomplete  spectral  coverage  (MGU  in 
Fig.  1.)  Due  to  the  relatively  high  emittance  in  the  present 
X-ray  ring,  the  holes  are  partially  filled  by  the  even 
harmonics  (shown  in  grey). 

Full  coverage  of  the  5-20  keV  range  in  a  3  GeV  ring 
can  be  attained  with  a  longer  period,  in-vacuum  MGU 
having  Kn,ax>L32,  with  its  fim^mental  tunable  down  to 
^rd  ^  would  give  the  desired  coverage  using  the 

3,5  and  higher  harmonics  up  to  the  1 1"".  An  MGU  with 
a  19  mm  period,  a  minimum  gap  of  5  mm  and  a  phase 
error  of  <2°  rms  (NSLS-II  MGU  in  Fig.  1)  could  fill  this 
requirement.  Its  fundamental  also  covers  1.67-4.0  keV. 


SCU  technology,  under  development  at  the  NSLS, 
other  light  sources  and  in  industry,  promises  even  better 
performance  in  this  energy  range.  For  example,  coverage 
from  1.67  to  20  keV  with  no  skips  and  with  higher 
brightness,  could  be  achieved  with  an  SCU  having  a  15 
mm  period,  a  5  mm  gap  (NSLS-II  SCU  in  Fig.  1)  and  an 
average  current  density  in  the  windings,  -1200 
A/mm  .  This  level  of  J^g  is  within  the  realm  of  NbTi 
super-conductors.  If  the  gap  must  be  increased,  the 
increased  J^^g  may  require  more  exotic  super-conductors. 
This  and  other  challenging  R&D  will  be  addressed  by  a 
newly  formed  4-lab  collaboration  (NSLS,  SLAC,  ALS 
and  APS). 

LATTICE  AND  MAGNETS 

The  candidate  lattice  we  are  now  considering  to  meet 
the  design  goals  for  the  NSLS  upgrade  is  a  24  period 
Three  Bend  Achromat  (TBA).  Although  many  light 
sources,  including  the  X-ray  ring  at  the  NSLS,  give  up  the 
achromatic  condition  to  achieve  lower  emittance,  this 
condition  does  minimize  the  impact  of  imdulator  field 
change  between  the  users.  The  TBA  lattice  is  quite 
flexible  with  higher  emittance  tunes  yielding  lower 
chromaticity,  for  the  day  one  lattice.  Finally,  the  TBA 
lattice  is  the  lowest  multiplicity  of  bend  magnets  designs 
that  can  achieve  the  isochronous  condition  without 
breaking  the  lattice  periodicity.  This  preserves  an  option 
of  a  possible  future  upgrade  to  a  linac-based  technology. 

The  lattice  assumes  gradient  dipoles  used  to  reduce  the 
length  of  a  period.  To  provide  additional  flexibility,  three 
dispersion  quadrupoles  are  used  to  vary  the  lattice 
properties  without  giving  up  on  the  achromatic  condition. 
By  changing  the  outer  two  dipole  magnets  to  half  the 
bentog  angle  and  length,  a  lower  emittance  was 
achieved.  This  could  be  optimised  further  in  later  designs 

closer  to  the  optimum  ratio  of  [1],  but  a  simple  2:1 
split  was  used  so  far. 

The  low  emittance  TBA  lattice  shown  in  Fig.  2  has  a 
natural  emittance  of  1.5  nm  but  with  large  chromaticity. 
Three  families  of  chromaticity  correcting  sextupoles  are 
shown  to  reduce  the  magnitude  of  the  chromaticity  or 
make  it  slightly  positive.  Two  families  of  hamonic 
correction  sextupoles  are  installed  in  the  dispersion  fi'ee 
region  to  reduce  the  impact  of  the  chromatic  correction 
sextupoles  on  the  dynamic  aperture.  The  dynamic 
aperture  in  the  TBA  lattice  is  limited  by  many  competing 
higher  order  non-linear  resonances  coming  fi-om 
chromatic  sextupoles.  Several  design  codes  [2-3]  attempt 
to  minimize  these  driving  terms  by  phasing  the  sextupoles 
in  the  lattice.  The  five  families  provided  in  this  design 
provide  a  dynamic  aperture  sufficient  for  injection  into  an 
ideal  lattice.  Future  designs  will  break  the  24-fold 
periodicity,  providing  additional  harmonic  sextupoles 
families  for  expansion  of  the  dynamic  aperture  with 
errors,  as  was  used  in  the  Swiss  Light  Source  [4]  and 
proposed  for  the  DIAMOND  ring  [5]. 

Space  is  provided  in  the  straight  section  for  correction 
magnets  and  injection  bumps.  Some  correction  magnets 
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are  combined  in  the  sextupole  magnets  to  save  space.  The 
correction  magnets  in  the  straight  section  are  capable  of 
deflecting  the  closed  orbit  inward  by  ~1  cm,  to  avoid  the 
SR  of  the  upstream  dipole  magnet.  Additional  correctors 
in  the  dispersion  region  and  dipole  back-leg  windings  will 
provide  closed  orbit  correction. 


Figure  2:  NSLS-II  magnet  layout  and  lattice  functions. 

RF  SYSTEM 

The  RF  system  must  deliver  about  0.8  MW  RF  power 
for  SR  losses  when  the  lattice  is  loaded  with  its  full 
complement  of  insertion  devices  (18  SCUs  and  2  SCW  is 
assumed).  Additional  power  is  required  to  sustain  the 
fields  in  the  cavities,  for  RF  losses,  and  for  power  lost  to 
higher-order  modes  (HOMs),  resistive-wall,  etc.  The 
cavities  together  must  also  be  able  to  sustain 
approximately  2.8  MV  voltage  to  provide  3%  momentum 
acceptance,  which  we  presently  use  as  a  baseline. 

The  choice  of  cavity  technology,  either  normal- 
conducting  or  super-conducting,  is  determined  by  their 
ability  to  provide  RF  voltage,  maximum  power  delivery, 
the  spectrum  of  trapped  higher-order  modes  and  their 
damping,  and  other  considerations.  Super-conducting 
(SC)  RF  cavities  are  available  that  are  capable  of 
providing  the  full  accelerating  voltage  from  one  cavity. 
They  also  have  a  very  limited  number  of  trapped  HOMs, 
which  are  well  damped.  Proven  operational  input-coupler 
power  figures  [6]  (e.g.,  CESR  and  KEK-B  cavities)  imply 
three  cavities  are  required  to  meet  the  0.8  MW  RF  power 
figure.  With  regard  to  available  room-temperature 
cavities,  a  minimum  of  three  are  needed  to  meet  the  2.8- 
MV  requirement;  three  are  more  than  adequate  to  deliver 
the  RF  power.  So,  while  three  cavities  is  a  baseline 
requirement  using  either  technology,  further  development 
and  improved  fabrication  techniques  of  input  couplers  for 
SC  cavities  may  obviate  the  need  for  a  third  cavity.  For 
these  and  other  reasons,  SC  cavities  are  proposed. 

COLLECTIVE  EFFECTS  AND  LIFETIME 

Although  self-stabilizing,  the  longitudinal  microwave 
instability  is  important  since  the  energy-spread  reduces 
the  brightness,  especially  for  higher  undulator  harmonics. 
The  Boussard  criterion  limits  the  broad-band  impedance 
to  |Z/nlmax~0.1  (assuming  0.86  mA/bunch  due  to  1/3  of 


the  ring  ion  clearing  gap).  This  should  be  possible  to 
achieve  via  careful  impedance  control.  The  threshold 
could  be  further  raised  using  harmonic  RF.  Since  up  to  1 
m  is  reserved  for  SCU/MGU  tapers,  they  will  not  present 
significant  impedance. 

Due  to  multiple  small-gap  devices,  transverse  coherent 
single  bunch  instabilities,  such  as  TMCI  and  microwave, 
are  very  important.  While  raising  the  chromaticity  could 
circumvent  them  [7],  this  will  ultimately  limit  the 
dynamic  aperture  and/or  require  strong  sextupoles.  We  are 
currently  planning  an  R&D  program  to  spec  and  design 
an  MGU  chamber  with  acceptable  transverse  impedance. 
We  are  also  trying  to  extrapolate  from  the  experience  with 
small  gap  devices  at  NSLS  and  other  light  sources. 

Our  preliminary  estimates  do  not  show  significant 
coupled-bunch  instability  due  to  resistive  wall.  The  effect 
of  small  ID  gaps  is  partially  compensated  by  small  beta 
functions  and,  in  case  of  SCXJ,  reduced  wall  impedance. 
Instabilities  due  to  HOM  are  less  expected  due  to  SC  RF. 

For  the  intra-beam  scattering  (IBS)  we  are  probably 
within  parameter  range  already  probed  by  existing 
facilities,  (ATF-KEK,  ALS,  etc)  and  we  do  not  expect  the 
IBS  to  affect  the  multi-bunch  operation.  ZAP  and  SAD 
show  only  a  few  %  emittance  blow-up  at  1 .5  mA^unch. 

The  acceptance  at  the  edge  of  a  2-m  long  MGU  is  1.6 
10"*  m-rad.  For  1  nTorr  N2  equivalent  pressure,  this 
results  in  lifetime  of  ~40  hours.  Similarly,  bremstrahlung 
lifetime  is  about  50  hours.  As  a  result,  similar  to  other 
3rd  generation  light  sources,  the  lifetime  is  expected  to  be 
Touschek  dominated.  Calculations  give  a  half-life  of  less 
than  2  hours.  While  this  should  not  be  a  problem  running 
in  a  top-off  mode,  it  requires  putting  some  thought  into 
radiation  shielding.  Again,  a  harmonic  RF  system  could 
alleviate  this  problem. 

Detailed  lifetime  calculations  are  needed  to  carefully 
take  into  accotmt  physical  and  dynamic  apertures,  non¬ 
linear  synchrotron  motion,  etc. 

SUMMARY  AND  FUTURE  WORK 

We  are  at  the  very  beginning  of  this  project.  The  most 
pressing  R&D  issues  are; 

•  Mini-gap  super-conducting  imdulators. 

•  Lattice  optimisation  for  dynamic  aperture. 

•  Collective  effects,  and  especially  the  microwave 
and  transverse  single  bunch  instabilities. 

•  Booster  design  and  injection  details. 

•  Orbit  stability  and  feedbacks. 
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Abstract 

We  describe  simulations  of  the  beam  dynamics  in  the 
storage  ring  (Boomerang),  a  3-GeV  third -generation  light 
source  being  designed  for  the  Australian  Synchrotron 
Project[l].  The  simulations  were  performed  with  the  code 
Goemon[2].  They  form  the  basis  for  design  specifications 
for  storage  ring  components  (apertures,  alignment 
tolerances,  magnet  quality,  etc.),  and  for  determining 
performance  characteristics  such  as  coupling  and  beam 
lifetime. 


INTRODUCTION 

"Boomerang"  is  the  3-GeV  storage  ring  at  the  heart  of  the 
Australian  Synchrotron  Project  (ASP),  a  National  facility 
being  built  by  the  Victorian  Government  at  a  site  adjacent 
to  Monash  University,  20  km  from  the  center  of 
Melbourne.  Like  other  modem  intermediate  energy 
facilities,  Boomerang  features  auxiliary  sextupoles  in  the 
dispersion-free  region  of  the  lattice  (sometimes  called 
harmonic  sextupoles)  in  order  to  provide  an  acceptable 
dynamic  aperture.  In  this  case  the  dynamic  aperture  was 
found  to  lie  well  outside  the  anticipated  physical  aperture. 
This  then  gives  us  the  opportunity  to  match  various 
physical  parameters  (apertures,  RF  voltage,  etc.),  whilst 
maintaining  overall  performance  requirements  such  as 
beam  lifetime.  In  this  paper  we  describe  the  lattice  and 
basic  beam  dynamics  of  the  storage  ring,  and  the  process 
through  which  the  physical  parameters  of  the  accelerator 
components  are  defined. 

THE  MAGNET  LATTICE  AND 
BEAMDYNAMICS 

The  magnet  lattice  [3]  has  been  optimized  to  emphasize  a 
low  beam  emittance  within  a  short  achromatic  section. 
One  unit  cell  of  the  lattice  is  shown  schematically  in  Fig. 
1,  and  the  lattice  functions  are  plotted  in  Fig.  2  for  the 
nominal,  and  Fig.3  for  the  low-emittance  mode 
operations.  Notable  in  the  design  are:  (I)  the  chromatic 
sextupoles  SV  and  SH  are  "embedded"  in  the  compound 
achromat  magnets  -  thereby  minimizing  the  strengths  of 
the  sextupoles;  and  (2)  there  are  no  defocusing 
quadrupoles  in  the  long  straight  section  -  giving  more 
space  for  straight  section  elements.  The  periodicity  of  the 
lattice  is  14  resulting  in  a  circumference  of  216  m.  Beam 
parameters  are  summarized  in  Table  1. 

•  This  woik  was  supported  by  the  Director,  Office  of  Energy 
Rese^h,  Office  of  Basic  Energy  Sciences,  Material  Sciences 
Division,  U.  S.  Department  of  Energy,  under  Contract  No.  DE- 
AC03 -7 6SF00098 ; 

*  W Victorian  Government’s  Department  of  Infrastructure, 
Major  Projects  Victoria.  Nauru  House.  Melbourne  3000.  Australia. 


With  this  magnet  configuration  the  auxiliary  sextupoles 
were  optimized  to  give  adequate  dynamic  aperture.  The 
resulting  dynamic  aperture  (see  Fig.  4  for  the  nominal 
mode)  is  insensitive  to  the  absolute  setting  of  the 
sextupoles  to  about  10%  of  their  setting.  I.e.,  these 
settings  do  not  represent  a  narrow  peak  of  the  mavimiiTn 
aperture  in  auxiliary  sextupole  space.  It  has  also  been 
found  that  the  dynamic  aperture  is  not  sensitive  to  magnet 
errors  (in  normal  ranges),  since  the  amplitude  dependent 
tune  variations  are  small  until  the  test  particles  get  close 
to  the  edges  of  the  dynamic  aperture.  As  an  example,  we 
show  Vx  as  a  function  of  betatron  amplitude  in  Fig.  5  for 
the  nominal  mode.  Again  this  seems  typical  of  lattices 
designed  with  auxiliary  sextupoles. 

_ Table  1 .  Main  Beam  parameters 


Energy 

3.00 

GeV 

Beam  Current 

200 

mA 

vx 

13.3 

vy 

5.2 

9.47 

8.23 

m 

3y» 

2.46 

2.43 

m 

Tl* 

0.00 

0.247 

m 

Mom.Compaction 

1.97E-3 

2.09E-3 

Natural  Chrom  H 

-30.8 

-28.5 

Natural  Chrom  V 
Radiation  Loss 

-23.9  -24.4 

931.6 

keV/tum 

Natural  E  Spread 

1.02E-3 

1.03E-3 

Natural  Emittance 

1.58E-8 

6.97E-9 

Rad.  Damping  H 

3.42 

3.38 

msec 

Rad.  Damping  V 

4.64 

4.64 

msec 

Rad.  Damping  E 

2.82 

2.86 

msec 

k  of  Bend 

-0.335  1 

l/m''2 

k  of  01 

1.7617 

1.7891 

l/m'’’2 

kof02 

-0.9145 

-0.9174 

l/m^2 

kof03 

1.9244 

1.9064 

l/m^2 

RF  Frequency 

499.654  1 

MHz 

01  02  03  Quads 

1  Bend  A  I _ 


S'l  ^S2  SV  SH 
Sextupoles 


Figure  1.  Unit  Cell 


10  m 
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Figure  2.  Nominal  Mode  Lattice  Function 


Figure  4.  Dynamic  Aperture  for  400  Turns 


'so  -40  -A)  -2ii  -Hi  0  10  20  -'0  40  50 


X  Imni] 

Figure  5.  Amplitude-dependent  Tune  Shift  Horizontal 


Vertical  beam  stay-clear 

We  choose  to  define  the  vertical  stay -clear  by  a  4  m 
long  vacuum  chamber  centered  in  the  long  straight 
section,  with  an  aperture  of  +!-  5  mm.  Under  almost  all 
reasonable  scenarios  for  Py*  this  defines  the  aperture  to 
be  constrained  to  a  value  of  5  mm  at  by  =  4.0  m,  or 
alternatively  the  vertical  acceptance  is  defined  to  be  Ay  = 
6.25  X  10'®  m-rad.  The  maximum  vertical  beam  stay-clear 
occurs  in  the  dipole  magnets  at  a  value  of  +/- 15  nun.  The 
dipole  magnets  must  be  designed  with  an  aperture 
consistent  with  this. 

Horizontal  stay-clear 

The  horizontal  stay-clear  in  Boomerang  turns  out  to  be 
dominated  by  the  apertures  required  to  contain  Touschek 
scattered  electrons.  We  will  show  later  that  this  aperture 
gives  a  horizontal  acceptance  that  is  much  larger  than  the 
vertical  acceptance.  This  in  turn  means  that  elastic  gas 
scattering  lifetimes  are  limited  by  just  one  plane  -  the 
vertical  plane. 

The  bremsstrahlung  lifetime  in  Boomerang  is  about  40 
hours.  In  order  to  get  a  Touschek  lifetime  of  ~  40  hours 
we  need  an  RF  voltage  of  3  MV.  Such  a  voltage,  at  500 
MHz,  can  be  achieved  by  four  warm  cavities,  or  possibly 
by  a  single  superconducting  cavity.  This  is  equivalent  to 
an  energy  acceptance  of  ~  2.2%.  Note  that  this  is  also  well 
within  the  dynamic  energy  acceptance  of  the  ring,  which 
is  in  excess  of  4%. 

Tracking  Touschek  2.2%  scattered  particles  aroimd  the 
ring  show  that  they  paint  an  aperture  that  reaches  33  mm 
in  the  center  of  the  achromat.  Fig.  6  shows  the  trajectories 
around  the  ring  of  a  -2%  scattered  particle  over  100  turns. 

We  therefore  choose  the  horizontal  stay  clear  consistent 
with  the  above  argument.  In  the  straight  sections  it 
corresponds  to  a  value  of  14  mm,  and  the  maximum 
quadrupole  and  sextupole  apertures  must  be  consistent 
with  a  good  field  region  of  +!-  33  mm  in  the  center  of  the 
achromat.  We  note  that  the  horizontal  acceptance  is  Ax  > 
23  X  Iff®  m-rad  (defined  by  the  position  of  the  injection 
septum),  and  that  this  is  significantly  larger  than  the 
vertical  acceptance. 


APERTURE 

Given  that  the  storage  ring  has  a  dynamic  aperture  that 
is  likely  to  be  larger  than  the  physical  apertures  in  the 
storage  ring,  we  are  free  to  define  accelerator  apertures 
and  magnet  good-field  regions  through  other  constraints. 


Fig.6  Overlapping  Trajectories  of  a  Particle 
Scattered  with  -2  %  of  Energy  Deviation 
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BEAM  LIFETIME 

We  are  now  in  a  position  to  estimate  beam  lifetimes. 

We  make  the  following  assumptions: 

(1)  Use  the  apertures  and  RF  voltages  described  above. 

(2)  Vacuum  pressure  of  1  nTorr,  N2  equivalent. 

(3)  Beam  current  of  200  mA  in  300  bunches  out  of  360 
buckets. 

(4)  Emittances  per  Table  1;  i.e.  16  and  7  nmrad. 

We  then  get  values  of; 


Table  2:  Components  of  the  Beam  Lifetime 


Emittance 

16  nm 

7  nm 

Coulomb  scatterine 

78  hours 

77  hours 

Bremsstrahlung 

39  hours 

39  hours 

Touschek 

102  hours 

39  hours 

Quantum 

huge 

huge 

Combined 

20.7  hours 

15.6  hours 

EVSERSION  DEVICE 
COMPENSATION  SCHEME 

The  four  families  of  sextupole  magnets  work  very 
effectively  to  increase  the  dynamic  aperture.  Therefore, 
the  ring  is  quite  tolerant  to  the  effect  of  insertion  devices. 
An  extreme  scenario  for  simulation  is  to  insert  two  ALS 
W16  wigglers  (  A,w  =  16  cm,  19  periods,  B„^=  2.1  T)  in 
consecutive  sectors.  The  resulting  P-beat  is  ~  15  %.  Such 
beating  can  be  corrected  locally  by  using  quadrupoles  on 
each  side  of  the  wiggler.  The  global  tunes  are  refitted.  The 
loss  of  the  dynamic  aperture  is  up  to  10%  after  re¬ 
optimizing  the  sextupoles.  For  undulators,  compensation 
using  6  quadrupoles  on  both  sides  of  each  undulator  is 
sufficient. 

LATTICE  ERRORS  AND 
ORBIT  CORRECTIONS 

The  closed  orbit  distortion  (COD)  is  very  sensitive  to 
lattice  errors,  and  precise  COD  correction  is  required  to 
restore  the  machine  performance.  There  are  70  horizontal 
correctors,  56  vertical  correctors  and  98  beam  position 
monitors  for  the  COD  correction.  The  COD  was 
simulated  with  the  random  magnet  errors  listed  in  Table  3 
and  corrected  by  using  the  singular-value  decomposition 
(SVD)  method  based  on  the  sensitivity  matrices. 


Table  3:  Magnet  Random  Errors 


Field  Error  AK/K 

l.OE-3 

Tilt  Error  AT 

0.5E-3  rad 

Misalignment 

0.15E-3  m 

The  residual  COD  rms  average  over  tens  of  random 
seeds  is  0. 1 6~0. 1 8  mm  in  both  transverse  planes  with  the 
BPM  readout  error  of  0.15  mm.  If  the  target  values  are 
given  to  the  BPM  readout,  it  goes  down  to  ~  0.05  mm  by 
using  the  ideal  sensitivity  matrices. 

In  reality,  once  the  beam  is  stored  with  reasonable  beam 
time,  it  becomes  possible  to  use  beam-based  alignment 
and  analysis.  Note  that  in  Boomerang  all  quadrupoles  are 
powered  separately.  We  estimate  that  the  residual  COD 
wdth  respect  to  these  quadrupole  centers  will  be  0.01~0.02 
mm  by  taking  advantage  of  measured  sensitivity  matrices. 

The  higher-order  field  errors  of  the  magnets  have  also 
simulated  to  confirm  that  they  do  not  hamper  the  COD 
correction  or  the  resulting  dynamic  aperture.  After 
correction,  the  loss  of  the  dynamic  aperture  is  estimated 
at  10  ~  15  %  of  the  ideal.  The  average  corrector  setting  is 
around  0.1  mrad  in  both  planes 


DISCUSSION 

The  design  of  a  light  source  is  an  iterative  process  in 
which  one  desired  parameter  can  be  traded  off  against 
others,  including  the  cost  of  the  facility.  We  have  shown 
above  that  in  the  case  of  the  ASP  we  have  arrived  at  a 
reasonably  self-consistent  set  of  parameters.  Given  the 
lattice,  which  itself  was  the  result  of  many  iterations 
between  circumference,  number  of  achromats,  emittance, 
and  overall  size,  etc.,  we  have  a  solution  in  which: 

•  the  dynamic  aperture  in  all  three  planes  is  outside  the 
apertures  defined  by  physical  constraints; 

•  the  cavity  voltage  is  reasonable  (more  would  require 
more  cavities,  larger-aperture  multipole  magnets,  and 
less  would  reduce  the  beam  lifetime); 

•  the  beam  stay-clear  is  reasonable  (larger  would 
require  larger-aperture  multipole  magnets,  and  less 
would  reduce  the  beam  lifetime); 

•  the  magnet  apertures  and  vacuum  requirements  are 
consistent  with  recognized  norms  within  the 
synchrotron  community;  and 

•  the  beam  lifetime  is  acceptable. 
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Abstract 

Recent  efforts  at  the  APS  have  focused  on  reducing 
beam  loss  during  storage  ring  (SR)  injection  to  minimize 
radiation  damage  to  the  APS  undulators.  Reducing  beam 
loss  at  injection  is  particularly  important  during  top-up 
operation  where  injection  occurs  once  every  two  minutes. 
One  way  to  potentially  improve  injection  efficiency  is  to 
simply  reduce  the  emittance  of  the  beam  from  the  APS 
booster,  thereby  allowing  the  beam  to  be  brought  closer  to 
the  injection  septum.  Recently  several  low-emittance 
operating  modes  for  the  APS  booster  have  been  studied. 
The  emittance  is  lowered  from  the  standard  value  by 
increasing  the  horizontal  tune  in  stages.  The  vertical  tune 
is  simultaneously  decreased  to  minimize  the  required 
defocusing  sextupole  strength  for  chromaticity  correction. 
Calculations  indicate  that  up  to  29%  reduction  in 
emittance  is  possible — a  result  that  has  been  achieved  in 
studies.  A  lattice  with  emittance  17%  lower  than  the 
standard  lattice  has  been  thoroughly  commissioned  and 
has  been  used  for  routine  APS  top-up  operation  since  July 
2002.  Results  of  beam  measurements  and  comparison  to 
calculations  for  various  low-emittance  lattices  are 
reported  in  this  paper. 

MOTIVATION 

The  APS  injector  machines  are  presently  the  focus  of 
studies  with  the  ultimate  goals  of  improving  overall 
injector  system  availability  and  reliability  for  storage  ring 
(SR)  top-up  operation.  Successful  studies  to  lower  the 
emittance  of  the  APS  booster  synchrotron  were  completed 
in  December  2002.  These  studies  are  part  of  an  ongoing 
effort  to  improve  injection  efficiency  into  the  SR  for  top- 
up  operation  using  the  SR  low-emittance  lattice  (2.9  run 
effective  emittance  [1]).  Improved  injection  efficiency 
results  in  reduced  losses  and  hence  less  radiation  dose  to 
the  SR  insertion  devices.  Lower  booster  emittance 
combined  with  ongoing  booster-to-storage  ring  (BTS) 
transport  line  matching  optimization  are  helping  to 
improve  SR  injection  efficiency  toward  the  ultimate  goal 
of  100%  (present  efficiency  is  70  to  80%). 

BOOSTER  STANDARD  AND 
LOW-EMITTANCE  LATTICES 

The  APS  booster  is  designed  to  linearly  ramp  the  beam 
(at  up  to  6  nC)  from  0.325  to  7  GeV  in  225  ms  at  a  2-Hz 
cycle  rate  for  full  energy  injection  into  the  APS  storage 
ring  for  top-up.  The  booster  consists  of  foiu  quadrants 
with  ten  FODO  cells  per  quadrant.  In  each  quadrant,  one 

*  Work  supported  by  U.S.  Department  of  Energy,  Office  of  Basic 
Energy  Sciences,  under  Contract  No.  W-31-109-ENG-38. 


FODO  cell  is  used  to  suppress  the  dispersion  in  the 
straight  sections  by  removing  a  single  dipole  (missing 
magnet  configuration).  The  booster  magnets  are  arranged 
in  families  connected  to  a  single  supply  in  series:  68 
dipoles  (BM),  40  focusing  quadnipoles  (QF),  40 
defocusing  quadnipoles  (QD),  32  focusing  sextupoles 
(SF),  and  32  defocusing  sextupoles  (SD).  The  beam  is 
injected  on-axis  and  extracted  while  the  power  supply 
families  are  ramping.  The  rf  system  consists  of  foiu  352- 
MHz  5-cell  cavities  located  in  the  dispersion-free  straight 
sections. 

The  current  in  the  BM,  QF,  and  QD  families  is  linearly 
ramped  from  zero  starting  at  the  same  point  in  time.  This 
allows  the  tunes  to  be  set  to  those  required  for  the 
nominal  132  nm-radian  standard  lattice  =  11.75,  Vy  = 
9.80.  For  this  horizontal  tune,  the  missing  magnet  in  each 
quadrant  results  in  zero  dispersion  in  the  straight  sections. 

Alternative  APS  booster  lattices  were  studied  using  the 
accelerator  design  and  tracking  code  elegant  [2].  This  is 
straightforward  with  elegant  because  it  allows  us  to 
optimize  the  emittance  directly.  The  main  constraint  on 
our  ability  to  optimize  booster  parameters  using  elegant 
is  that  each  magnet  family  is  wired  in  series.  Therefore, 
there  are  exactly  four  parameters  (two  quadrupole  and 
two  sextupole  strengths)  that  can  be  varied  to  set  the  tunes 
and  correct  the  chromaticity.  In  this  way,  a  series  of 
lattices  with  different  quadrupole  and  sextupole  family 
strengths  were  obtained  with  progressively  lower 
emittance.  The  dynamic  aperture  was  also  simulated 
using  elegant  for  the  various  lattices.  Calculations  show 
that  dynamic  aperture  should  be  more  than  adequate  for 
lattices  with  up  to  30%  lower  emittance. 

Table  1  shows  the  three  booster  lattices  commissioned 
and  used  for  operations.  The  first  lattice  listed  is  the 
original  design  lattice  (standard  lattice)  with  zero- 
dispersion  straight  sections.  Increasing  the  horizontal 
tune  in  steps  of  an  integer  results  in  a  ^eat  reduction  in 
the  total  emittance.  The  lowest  (92  nm)  emittance  lattice 
has  a  much  smaller  vertical  tune,  which  has  two 
advantages.  First,  the  required  QF  focusing  strength 
required  to  achieve  a  horizontal  tune  of  13.75  is 
minimized.  Second,  the  required  sextupole  strength  to 
correct  chromaticity  is  also  minimized.  The  booster  is 
presently  run  with  the  92-nm-radian  lattice  for  normal 
operations.  The  92-nm-radian  lattice  is  near  the  practical 
lower  limit  for  the  booster  emittance  since  for  this  lattice 
the  QF  family  is  powered  nearly  at  its  maximum  strength. 
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Table  1.  Commissioned  Lattice  Tunes  and  Emittances 


Horizontal  Tune 
■  V, 

Vertical  Tune 

Vy 

Emittance 
(n  nm-radiansi 

11.75 

9.8 

132 

12.75 

9.8 

109 

13.75 

5.8 

92 

BOOSTER  LOW-EMITTANCE  LATTICE 
COMMISSIONING 

The  elegant  calculations  of  new  booster  lattices 
described  in  the  previous  section  indicate  that  there 
should  be  no  problems  in  pushing  the  booster  lattiee  to 
these  lower  emittances.  Booster  lattice  commissioning 
was  accomplished  by  starting  with  the  booster  operating 
in  its  well-characterized  132-nm-radian  standard  lattice. 
Tune  measurements  (both  integer  and  fractional  tunes) 
were  used  to  determine  quadrupole  and  sextupole  family 
magnet  slope  parameters.  We  also  made  use  of  new  orbit 
correction  software  and  upgraded  beam  position  monitors 
(BPMs)  [3].  Iterating  between  orbit  correction,  tune 
measurement/correction,  and  chromaticity  correction  was 
necessary  to  make  fine  adjustments  to  the  lattices. 

Lattice  commissioning  followed  a  straightforward 
process  starting  with  the  132-nm-radian  standard  lattice. 
First,  the  intermediate  emittance  109-nm-radian  lattice 
was  commissioned  by  simply  Increasing  the  horizontal 
tune  by  one  full  integer  while  keeping  the  vertical  tune 
constant.  The  chromaticity  was  corrected  by  simply  using 
the  sextupole  strength  values  computed  by  elegant.  The 
orbit  was  also  corrected  for  the  109-nm-radian  lattice  and 
the  tunes  and  chromaticity  slightly  adjusted  as  a  final 
step.  Next,  several  intermediate  lattices  were 
commissioned— a  process  that  finally  resulted  in 
obtaining  the  92-nm-radian  lattice.  Starting  with  the  109- 
nm-radian  lattice,  the  horizontal  tune  was  increased  1  full 
integer  while  the  vertical  tune  was  kept  constant.  Next, 
the  vertical  tune  was  successively  decreased  in  single 
integer  steps,  until  the  92-nm-radian  lattice  tunes  were 
achieved.  Finally,  the  orbit  was  corrected  and  the  tunes 
and  chromaticity  were  slightly  adjusted  for  the  92-nm- 
radian  lattice. 

In  order  for  the  tunes  to  stay  constant  up  the  ramp,  the 
BM,  QF,  and  QD  ramps  must  start  at  the  same  zero 
current  point  on  the  time  axis  [4].  If  this  is  not  the  case, 
the  tunes  will  slew  with  time,  possibly  resulting  in  beam 
loss  from  the  tune  crossing  a  lattice  resonance.  For  a 
FODO  lattice,  the  tunes  are  for  the  most  part  dependent 
only  on  the  QF  (horizontal  tune)  and  QD  (vertical  tune) 
strengths.  Therefore,  increasing  or  decreasing  the  QF 
(QD)  slope  changes  primarily  the  horizontal  (vertical) 
tune.  In  these  studies,  a  small  change  in  the  QF  or  QD 
slope  was  made  and  the  corresponding  tune  change  was 
observed.  In  this  way,  an  experimental  determination  was 
made  of  the  amount  of  QF  or  QD  slope  (dl/dt)  change 
required  to  increase  or  decrease  the  tune  by  one  integer. 
Typically  after  the  increase  or  decrease  of  a  given  tune 
was  made,  small  adjustments  of  the  other  tune  using  the 


complementary  quadrupole  family  were  required  to 
precisely  set  the  fractional  tunes. 

Fractional  and  Integer  Tune  Measurements 

Measurement  of  the  fractional  tune  was  accomplished 
using  a  Hewlett  Packard  89440A  Vector  Signal  Analyzer 
(VSA)  in  spectrogram  mode.  Figure  1  shows  a  typical 
spectrogram  where  the  horizontal  axis  is  frequency,  the 
vertical  axis  is  time,  and  color  is  intensity.  In  the  figure, 
time  increases  downward  or  in  other  words,  the  top  of  the 
figure  represents  the  injection  point.  The  difference 
signal  obtained  from  striplines  installed  in  the  booster 
gives  the  tune  signal.  The  tunes  are  excited  by  using  the 
booster  extraction  kicker  to  “ping”  the  beam  at  a  40-Hz 
rate.  The  individual  ping  excitation  of  each  tune  is 
apparent  in  Figure  1  as  tune  lines  every  25  ms  (1/40  Hz). 

The  VSA  spectrogram  is  used  not  only  as  a  tool  to  set 
the  fractional  tune  but  also  to  tell  on  which  side  of  the 
half  integer  resonance  the  tunes  are  located.  One  can  do 
this  by  increasing  the  QF  and  QD  ramp  slope  slightly  and 
observing  which  way  the  tunes  move.  In  Figure  1,  the 
higher  frequency  pair  of  tunes  should  move  higher  in 
frequency  if  the  tunes  are  above  the  half  integer.  The 
reverse  is  true  of  the  lower  frequency  pair  of  tunes. 


Fipre  1:  VSA  spectrogram  of  booster  tunes  from 
injection  to  extraction  for  the  132-nm-radian  lattice.  The 
frequency  span  in  the  figure  equals  one  revolution 
frequency  (814  kHz)  between  revolution  harmonics  432 
and  433.  The  fractional  tunes  are  set  to  their  nominal  v,  = 
0.75  and  v,  =  0.80  and  show  up  as  the  upper  sideband 
si^al  pair  of  harmonic  432  and  the  lower  sideband  signal 
pair  of  harmonic  433.  A  synchrotron  sideband  is  also 
seen  next  to  each  revolution  harmonic  from  injection  to 
approximately  halfway  up  the  ramp. 
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Figure  2:  FFT  of  horizontal  and  vertical  difference  orbit 
showing  the  integer  tunes  of  14  (horizontal)  and  6 
(vertical)  for  the  92-nm-radlan  lattice. 
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The  integer  part  of  the  tunes  can  be  determined  by 
exciting  a  difference  orbit  in  each  plane  using  a  horizontal 
and  vertical  corrector  and  recording  the  betatron 
oscillation  for  a  single  turn  using  the  BPMs.  The  single 
turn  data  is  processed  by  normalizing  the  maximum  BPM 
number  index  to  1  and  taking  the  FFT.  The  result  is 
shown  in  Figure  2.  One  can  clearly  see  the  integer  tunes 
show  up  as  peaks  at  tunes  of  6  and  14,  respectively 
(corresponding  to  v*  =  13.75  and  Vy  =  5.80  for  the  92-nm- 
radian  lattice).  The  sign  of  the  difference  orbit  at  the 
position  of  the  exciting  corrector  can  also  be  used  to 
determine  on  which  side  of  the  half  integer  the  fractional 
tunes  exist. 

Orbit  Correction 

A  tool  was  developed  to  perform  orbit  correction  in 
each  plane  at  various  points  along  the  ramp.  The  method 
uses  the  standard  SVD  algorithm  applied  at  selected 
points  anywhere  between  injection  and  extraction.  The 
software  application  allows  the  user  to  select  BPM  and 
corrector  configurations  and  uses  the  computed  elegant 
inverse  response  matrix  for  a  given  lattice  to  determine 
the  new  vector  of  corrector  current  changes  from  the 
BPM  vector.  The  application  also  allows  the  user  to 
select  the  number  of  ramp  points  to  correct  the  orbit, 
feedback  gain,  and  BPM  averaging,  and  provides  plotting 
diagnostics  to  analyze  the  orbit  correction  process.  This 
tool  was  used  after  setting  the  fractional  and  integer  tunes 
for  a  new  lattice. 

Chromaticity  and  Dispersion  Measurements 

Chromaticity  and  dispersion  measurements  were 
performed  on  each  lattice  listed  in  Table  1  for  verification 
purposes.  A  convenient  software  tool  was  developed  to 
measure  both  parameters  simultaneously  while  varying 
the  rf  frequency.  Each  measurement  can  be  performed  at 
any  given  point  between  injection  and  extraction.  The 
chromaticity  measurement  was  performed  using  the  VSA 
to  measure  the  tunes  as  a  function  of  rf  frequency.  The 
dispersion  measurement  was  performed  by  varying  the  rf 
frequency  and  collecting  both  horizontal  and  vertical 
BPM  readings. 

The  results  are  shown  in  Figures  3  and  4  for  the  92-nm- 
radian  lattice.  Figure  3  shows  good  agreement  between 
the  dispersion  measurement  compared  with  the  elegant 
calculation  for  the  92-nm-radian  lattice.  The  chromaticity 
is  shown  as  a  function  of  time  up  the  ramp.  The 
sextupole  settings  used  were  slightly  adjusted  to  zero  the 
chromaticity.  Figure  4  shows  the  chromaticity  is  slightly 
negative  at  parts  of  the  ramp.  This  does  not  present  a 
problem  from  head-tail  instability  for  the  92-nm-radian 
lattice  at  up  to  4  nC  of  charge  per  pulse. 

CONCLUSION 

Successful  commissioning  of  booster  low-emittance 
lattices  is  part  of  the  ultimate  goal  of  improving  APS 
injector  reliability  and  availability  for  SR  top-up 
injection.  The  APS  booster  92-nm-radian  lattice  has  been 
used  since  January  2003  for  routine  SR  top-up  operation. 


This  lattice  used  in  combination  with  ongoing  matching 
studies  of  the  BTS  transport  line  have  as  the  ultimate  goal 
improving  SR  top-up  injection  efficiency  to  100%. 


s  (m) 

Figure  3:  Measured  horizontal  dispersion  at  extraction 
compared  to  elegant  calculation  for  the  92-nm-radian 
lattice.  Agreement  is  generally  good  with  differences 
attributable  to  BPM  gain  differences. 
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Figure  4:  Measured  chromaticity  for  the  92-nm-radian 
lattice  where  injection  is  at  0  ms  and  extraction  is  at  225 
ms.  Vertical  data  are  seen  to  be  biased  slightly  positive 
and  horizontal  slightly  negative.  The  negative  horizontal 
chromaticity  at  125  ms  may  be  the  reason  some  loss  is  is 
observed  at  roughly  this  point  above  4  nC/pulse. 
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Abstract 

A  three-pole  10-T  superconducting  wiggler  was  installed 
in  the  8-GeV  electron  storage  ring  at  SPring-8  for  gener¬ 
ating  high-energy  synchrotron  radiation.  Beam  tests  were 
earned  out  to  check  its  performance  and  to  investigate  the 
effects  on  a  stored  beam.  A  beam  was  successfully  stored  at 
magnetic  fields  of  the  wiggler  up  to  9.7  T.  The  beam  current 
was  limited  to  1  mA  to  avoid  unnecessarily  high  heat-load 
on  photon  absorbers  and  radiation  damage  to  accelerator 
components.  Beam  parameters  such  as  a  horizontal  beam 
size,  a  bunch  length,  betatron  tune  shifts  were  measured. 
A  spectmm  of  high-energy  synchrotron  radiation  from  the 
wiggler  was  also  measured  with  the  Nal  scintillator  at  an 
extremely  low  beam  current  of  about  8  pA. 

INTRODUCTION 

There  are  some  demands  of  using  high-energy  gamma 
rays  in  the  energy  range  from  a  few  hundred  keV  to  sev¬ 
eral  or  ten  MeV.  Intense  low-energy  positron  beams  can 
be  produced  via  the  electron-positron  pair-production  pro¬ 
cess  by  high-energy  gamma  rays.  The  low-energy  positron 
beam  is  a  powerful  probe  of  Fermi  surface  and  defects  in 
materials  science[l].  In  nuclear  astrophysics,  it  becomes 
probable  to  measure  photonuclear  reaction  cross  sections 
of  some  key  elements  such  as  and  ^®°Ta  in  the  sce¬ 
nario  of  nucleosynthesis [2],  High-energy  photons  of  about 
a  few  hundred  keV  to  500  keV  can  be  used  in,  for  example, 
Compton  scattering  experiments.  Another  possibility  is  the 
generation  of  neutrons  via  photodisintegration  of  ®Be[3]. 

To  generate  high-energy  gamma  rays  Csonka[4]  pro¬ 
posed  to  use  a  micropole  undulator.  We  proposed[5]  to  use 
a  high-field  superconducting  wiggler  (SCW)  since  neces¬ 
sary  techniques  are  ready  in  Budker  INP  to  develop  SCW 
and  an  8-GeV  electron  storage  ring  is  available  at  SPring-8. 
We  designed  and  fabricated  a  10-T  superconducting  wig¬ 
gler  at  Budker  INP[6,  7]  and  installed  it  in  the  SPring-8 
storage  ring  in  August,  2002.  Beam  tests  were  then  carried 
out  and  the  results  are  reported  in  this  paper. 

*  soutome@spring8.or.jp 


THREE-POLE  SUPERCONDUCTING 
WIGGLER 

A  design  value  of  the  maximum  field  of  SCW  is  10  T  and 
the  achieved  maximum  value  is  10.3  T  recorded  in  a  test 
site  at  SPring-8[8].  A  field  distribution  was  measured  on 
the  median  plane  of  the  electron  orbit  by  using  a  Hall  sen¬ 
sor  fixed  on  a  carbon  rod  and  calibrated  with  NMR  probes. 
The  measured  dipole  field  distribution  along  the  wiggler 
axis  is  shown  in  Fig.  1  by  the  solid  line.  The  peak  value 
is  10.136  T.  A  calculated  distribution  is  also  shown  by  the 
dashed  line.  Calculated  and  measured  fields  agree  well. 
The  maximum  values  of  the  position  and  angle  of  the  elec¬ 
tron  orbit  at  10  T  are  7.3  mm  and  i25  mrad,  respectively. 

The  first  integral  of  the  measured  magnetic  field  along 
the  electron  orbit  was  0.011  Tm,  which  corresponds  to  a 
horizontal  kick  angle  of  0.4  mrad  for  an  8-GeV  electron 
beam.  This  kick  can  be  compensated  by  tuning  two  in¬ 
dependent  power  supplies  connecting  to  central  and  side 
poles  of  SCW. 


From  the  measured  field  distribution  we  evaluated 
quadrupole  and  sextupole  components  caused  by  non¬ 
uniformity  of  the  fields.  The  integrated  values  of 
quadrupole  and  sextupole  components  are  0.50  T  (defo- 
cusing)  and  45  T/m  (focusing),  respectively,  when  the  peak 
field  is  10. 136  T. 

The  details  on  SCW  are  described  in  Ref.  [7]. 


0-7803-7738-9/03/817.00  ©  2003  TF.RP. 
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BEAM  TEST 

For  the  purpose  of  beam  tests,  a  stored  current  of  1  mA 
is  enough  to  check  the  performance  of  SCW  and  to  inves¬ 
tigate  the  effects  on  a  stored  beam.  Due  to  this  limit  of  the 
beam  current,  we  can  avoid  unnecessarily  high  heat-load 
on  photon  absorbers  and  radiation  damage  to  aceelerator 
components. 

To  perform  efficient  orbit  corrections  in  both  horizontal 
and  vertical  directions,  we  installed  two  horizontal  and  two 
vertical  correction  magnets  upstream  and  downstream  by 
SCW.  Furthermore,  we  introduced  two  independent  power 
supplies  for  two  quadmpole  magnets  adjaeent  to  SCW  to 
compensate  optics  distortion.  Though  this  scheme  was 
found  to  be  efficient  to  recover  tune  shifts,  we  did  not  rou¬ 
tinely  use  it  during  a  beam  test. 


Effects  of  SCW 

Since  the  defocusing  force  becomes  stronger  as  the  field 
of  SCW  becomes  higher,  we  changed  a  working  point  from 
a  nominal  point  (j/^,  Vy)  =  (40.15,  18.35)  to  (40.24, 18.35) 
at  the  beginning  of  the  beam  test,  where  and  Uy  are  the 
horizontal  and  vertical  betatron  tunes,  respectively.  The 
horizontal  and  vertical  betatron  functions  at  SCW  are  25  m 
and  7  m,  respectively. 

In  Fig.  2  we  show  the  horizontal  and  vertical  betatron 
tunes  as  a  function  of  the  peak  field  of  SCW.  Measured 
values  are  shown  by  solid  circles  (horizontal)  and  solid  tri¬ 
angles  (vertical).  During  excitation  of  SCW  we  changed 
the  strength  of  the  quadmpole  magnets  adjacent  to  it,  and 
the  betatron  tunes  were  shifted  by  this  change.  The  mea¬ 
sured  tunes  in  the  figure  are  corrected  by  this  amount.  In 
Fig.  2  we  show  calculated  tunes  at  10.136  T  by  open  sym¬ 
bols.  The  horizontal  tune  shifts  can  be  explained  by  the 
quadmpole  component  of  measured  magnetic  fields  and  the 
vertical  ones  can  be  explained  by  adding  the  effect  of  edge 
focusing. 
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Figure  2;  Betatron  tunes  as  a  funetion  of  the  SCW  peak 
field. 

To  study  the  effects  on  beam  emittance,  we  measured  the 
horizontal  beam  size  at  the  point  of  beam  injection  in  the 
following  way  [9]:  we  store  a  single-bunch  beam,  scrape  it 
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Figure  3:  Horizontal  beam  size  normalized  by  a  value  at 
OT. 
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Figure  4:  Bunch  length  normalized  by  a  value  at  0  T. 


by  firing  bump  magnets,  measure  a  beam-loss  rate  and  re¬ 
peat  this  procedure  by  changing  the  height  of  a  bump  orbit. 
By  assuming  a  gaussian  density  distribution  for  a  circulat¬ 
ing  beam,  we  can  obtain  the  root-mean-square  beam  size  by 
fitting  the  data  points  of  the  beam-loss  rate  with  the  method 
of  least  squares.  The  results  are  shown  in  Fig.  3  by  solid 
circles.  Measured  values  are  normalized  by  a  value  at  0  T 
to  show  relative  change.  The  solid  curve  shows  a  calcula¬ 
tion  by  using  the  field  data  shown  in  Fig.  1.  We  obtained 
good  agreement  between  the  experimental  data  and  calcu¬ 
lation  results.  An  emittance  is  increased  from  6.4  nmrad  at 
0  T  to  13  nmrad  at  10  T.  This  large  increment  is  due  to  a 
large  horizontal  betatron  function  in  a  position  of  SCW. 

The  normalized  bunch  length  is  shown  in  Fig.  4.  An 
energy  spread  is  increased  from  0.11  %  at  0  T  to  0.15  %  at 
10  T  due  to  emission  of  photons  by  SCW. 

The  sextupole  field  component  of  SCW  mainly  affects 
the  dynamic  aperture.  (Though  the  sextupole  as  well  as  the 
quadrupole  component  changes  chromaticities,  a  change  in 
chromaticity  is  less  than  0.1  and  can  be  neglected.)  The 
dynamic  aperture  was  calculated  by  taking  account  of  the 
sextupole  components.  The  results  show  that  the  aperture  is 
reduced  in  the  horizontal  direction.  It  is  reduced  typically 
from  (-15  mm,  +8  mm)  to  (-10  mm,  +7  mm)  at  the  point  of 
beam  injection.  The  injection  efficiency  was  decreased  by 
this  reduction  of  the  aperture. 
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Photon  Energy  Spectrum 

We  measured  a  spectrum  of  high-energy  synchrotron  ra¬ 
diation  (SR)  by  using  the  NaI(Tl)  scintillator  and  a  pho¬ 
tomultiplier  (PM)  when  the  SCW  peak  field  was  9.5  T.  A 
single-bunch  electron  beam  of  0.1 1  mA  was  firstly  stored 
and  then  scraped  by  firing  bump  magnets.  The  ratio  of 
the  number  of  electrons  before  and  after  scraping  was  esti¬ 
mated  by  the  photon-counting  method[10].  We  then  mea¬ 
sured  a  photon  spectrum  at  an  extremely  low  beam  current 
of8pA(±20%). 

A  schematic  drawing  of  a  photon  beamline  is  shown  in 
Fig.  5.  All  equipments  for  the  spectrum  measurement  were 
installed  in  the  storage  ring  tunnel.  No  experimental  hutch 
was  constructed  and  the  photon  beam  was  not  extracted 
from  the  tunnel. 

To  separate  ultra-high  vacuum  and  atmosphere  we  put 
two  windows  in  the  photon  beamline.  One  is  made  of  Be 
with  a  thickness  of  0.25  mm  and  the  other  A1  with  a  thick¬ 
ness  of  3  mm.  A  block  of  Pb  with  a  thickness  of  50  mm 
was  set  downstream  from  the  windows  to  cut  low-eneigy 
gamma  rays. 

Pb  Collimator  (Horizontal) 

Slit  Width:  l.Smm 


Figure  5;  Experimental  setup  for  spectrum  measurement. 


Figure  6:  Photon  spectrum  at  a  magnetic  field  of  9.5  T. 


tance  becomes  twice.  The  reason  is  that  the  SPring-8 
storage  ring  is  operated  with  a  “high-beta”  optics  and  the 
straight  section  where  SCW  was  installed  has  a  large  hori¬ 
zontal  betatron  function. 

When  we  consider  the  effects  on  the  stored  beam  to¬ 
gether  with  high  heat-load,  it  is  hard  to  use  SCW  in  user¬ 
time  since  many  SR  users  require  highly  brilliant  and  stable 
X-ray  beams.  Nevertheless,  the  applications  of  high-energy 
gamma  rays  generated  by  SCW  are  interesting  and  impor¬ 
tant,  and  we  are  now  looking  for  a  possible  way  of  using 
SCW  not  for  the  beam  test  but  for  real  applications. 
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In  Fig.  6  we  show  the  measured  photon-energy  spectrum 
together  with  simulation  results  obtained  by  the  GEANT3- 
code[l  1].  The  energy  calibration  of  the  detector  was  done 
by  using  a  radioactive  source  of  ^'’Co  which  emits  gamma 
rays  of  1.17  MeV  and  1.33  MeV.  The  dashed  lines  in  Fig.6 
indicate  the  ambiguity  of  estimation  of  a  total  number  of 
stored  electrons.  Reasonable  agreement  of  the  experimen¬ 
tal  data  on  the  simulations  was  obtained.  There  is  a  possi- 
biliy  that  a  slight  difference  between  the  experimental  data 
and  the  simulations  comes  from  radiation  damage  of  the 
detector  during  the  spectrum  measurement  and/or  from  a 
systematic  error  of  energy  calibration.  Alignment  errors  of 
a  Pb  collimator  could  also  be  a  source  of  ambiguities  in 
simulations. 

SUMMARY 

We  installed  a  10-T  superconducting  wiggler  in  the 
SPring-8  storage  ring  and  carried  out  beam  tests.  Beam 
parameters  and  a  photon  spectrum  were  measured,  and  the 
results  agreed  well  with  calculations  based  on  the  measured 
field  distribution. 

The  effects  of  SCW  on  the  stored  beam  are  not  small. 
When  the  peak  field  of  SCW  is  10  T,  the  horizontal  emit- 
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Abstract 

Five  in-vacuum  undulators  are  currently  in  routine 
operation  at  the  ESRP  with  a  minimum  gap  of  5  mm  to  6 
mm.  The  results  of  the  magnetic  measurements  are 
presented.  The  measured  interaction  with  the  stored  beam 
(closed  orbit  distortion,  lifetime)  are  discussed.  Three 
additional  devices  are  at  present  being  constructed 
including  a  magnetic  structure  of  hybrid  type.  They  are  all 
dedicated  to  operation  at  high  photon  energy  above  50 
keV  and  require  an  optimum  spectrum  shimming.  The 
magnet  temperature  is  permanently  monitored  in  all 
different  time  filling  modes  of  the  ring.  An  estimation  of 
the  heat  load  deposited  by  the  beam  in  the  flexible 
input/output  transition  as  well  as  in  the  copper  sheet 
covering  the  magnet  blocks  is  given. 

1  INTRODUCTION 

Starting  beginning  of  1999  five  in- vacuum  undulators 
have  been  progressively  installed  on  the  ESRF  storage 
ring.  Three  other  devices  are  being  measured  in  the 
laboratory  and  will  be  installed  before  the  end  of  year 
2003.  Their  main  characteristics  are  summarized  in  Table 
1.  With  the  exception  of  the  ID  11  devices  (a  prototype), 
the  nominal  magnetic  length  of  standards  in-vacuum 
undulators  is  2  meters  (Figure  1). 

Table  1 :  Status  and  main  parameters  of  the  ESRF  in¬ 


vacuum  undulators. 


ID 

Period 

Magnetic 

Min./Max 

Install. 

straight 

[mml 

length[ml 

gap  [mm] 

date 

11 

23 

1.6 

5/30 

Jan  99 

22 

23 

2 

6/30 

JulOl 

29 

21 

2 

6/30 

Dec  01 

9 

17 

2 

6/30 

Dec  01 

13 

18 

2 

6/30 

Jul02 

30 

23 

2 

6/30 

Jul03 

30 

23 

2 

6/30 

Jul  03 

11 

22 

2 

6/30 

Dec  03 

Due  to  baking  requirements  (120  deg  C)  and  possible 
radiation  damages  at  small  gaps,  all  devices  are  based  on 
the  Sm2Coi7  permanent  magnet  material.  The  magnetic 
structure  is  of  pure  permanent  magnet  type  (p.p.m.)  for  6 
devices.  Two  devices  are  based  on  the  hybrid  technology 
(IDllU23andIDllU22). 

2  MAGNETIC  MEASUREMENTS 

The  magnetic  measurement  and  field  correction 
methods  are  essentially  derived  from  the  techniques  used 
for  conventional  undulators.  Nevertheless  these  methods 
had  to  be  refined  when  considering  the  very  small  gaps  (5 
mm)  and  the  constraints  connected  to  ultra  high  vacuum 
operations.  One  example  is  the  design  of  new  narrow  3D 


hall  probe  keepers  allowing  field  mapping  at  gaps  as 
small  as  3  mm. 


Figure  1 :  Standard  2  m  long  ESRF  in-vacuum  undulator 
ready  for  installation 


2-1  Multipole  shimming 

The  multipole  shimming  based  on  thin  soft  iron  shims 
as  used  for  conventional  undulators  is  not  advisable  for 
in-vacuum  device  because  the  shims  cannot  be  glued  on 
the  magnet  faces.  The  control  of  the  field  integrals  is 
made  in  two  steps: 

•  Each  module  containing  one  or  three  magnets  (two 
modules  make  a  period)  is  characterized  in  field 
integral.  A  pairing  is  determined  that  minimizes 
the  field  integral  after  assembly.  In  addition,  the 
field  integrals  are  regularly  measured  during  the 
undulator  assembly  and  the  selection  of  the  next 
modules  to  assemble  is  selected  based  on  the 
measured  field  integral. 

•  After  assembly,  the  field  integrals  are  further  tuned 
using  an  array  of  small  magnets  located  at  each 
end  of  each  magnet  jaw. 

This  process  is  time  consuming  but  allows  a  high 
efficiency  of  field  integral  corrections.  Figure  2  shows 
the  resulting  field  integral  components  (gaps  of  5  mm  and 
30  mm)  versus  horizontal  position  for  the  latest  undulator 
(ID30  U23).  The  associated  variation  of  the  on-axis  first 
and  second  field  integrals  versus  gap  is  represented  in 
Figure  3. 

2-2  Spectrum  shimming 

The  three  last  devices  of  Table  1  are  expected  to 
operate  at  high  photon  energy  on  the  high  harmonics  of 
the  spectrum  (7  to  11).  The  flux  and  brilliance  of  high 
harmonics  are  very  sensitive  to  the  optical  phase  errors 
and  require  special  correction  (spectrum  shimming). 
Without  any  correction  the  r.m.s  value  of  the  phase  error 
computed  at  each  pole  is  usually  in  the  range  of  6  to  8 
degrees.  Spectrum  shimming  focuses  essentially  on  the 
reduction  of  the  r.m.s  phase  error  around  2  degrees  at  the 
small  gaps  (5  or  6  mm).  The  method  relies  on  the  local 
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vertical  repositioning  (±  100  pm  maximum)  of  the 
magnet  modules.  The  r.m.s.  phase  errors  after  correction 
as  a  function  of  gap  is  presented  in  Figure  4  for  the  first 
ID30  U23  in-vacuum  undulator. 


Figure  2:  Field  integral  components  versus  horizontal 
position  for  the  in-vacuum  undulator  ID30  U23  at  gaps  5 
mm  (circular  markers)  and  30  mm  (square  markers). 


Figure  3:On-axis  first  and  second  field  integrals 
component  as  functions  of  gap  for  the  in-vacuum 
undulator  ID30  U23. 


Figure  4:  R.m.s  phase  error  as  a  function  of  gap  for  the 
ID30  U23  device. 


3  INTERACTION  WITH  THE  STORED 
BEAM 

3  -1  Closed  Orbit  Distortions 

The  most  visible  interaction  of  in-vacuum  undulators 
with  the  stored  beam  is  Closed  Orbit  Distortions  (CODs) 
induced  while  varying  the  gaps.  Such  measurement  is 
made  for  all  installed  IDs  on  a  regular  basis  (every  two 
months)  using  an  automated  procedure.  The  method 


involves  the  reading  of  all  BPMs  and  adequate  fits  on 
data  to  derive  the  first  and  second  field  integral  variations 
with  gap  with  a  reference  taken  at  the  opened  gap.  Table 
2  compares  the  maximum  variations  of  the  first  and 
second  field  integrals  in  both  planes  measured  in  the 
laboratory  and  derived  from  COD  measurements  for  the 
last  four  in-vacuum  undulators  installed.  The  first  integral 
components  Alx  (horizontal)  and  AIz  (vertical)  are 
expressed  in  G.m  and  for  the  second  field  integrals  AJz 
(vertical)  and  AJx  (horizontal)  the  data  are  in  G.ml  In  all 
cases,  the  maximum  gap  is  30  mm  (reference  gap)  and  the 
minimum  gap  is  6  mm.  The  COD  measurements  are  in 
good  agreement  with  magnetic  measurements.  Such  COD 
results  are  very  similar  to  those  observed  for  conventional 
out  of  vacuum  IDs  and  no  active  correction  needs  to  be 
implemented 

3-2  Effect  on  beam  lifetime 

The  effect  of  in-vacuum  undulators  on  the  beam 
lifetime  is  another  important  issue.  Lifetime  reduction  is 
only  visible  in  the  multibunch  electron  filling  modes 
(uniform  and  2*  1/3  filling  pattern  I=200mA,  lifetime  60- 
80  hours)  for  gaps  higher  than  5  mm  [1].  For  all  installed 
in-vacuum  undulators,  no  effect  is  visible  when  closing 
the  ID  gap  down  to  6mm.  The  reduction  of  the  lifetime 
remains  lower  than  1 0  %  when  closing  ftirther  the  gap  to 
5  mm.  This  effect  is  very  reproducible  from  one  device  to 
another.  This  is  acceptable  for  future  operation  of  our  in¬ 
vacuum  undulators  at  the  minimum  gap  of  5  mm.  The 
vertical  beta  function  in  the  middle  of  the  5  m  straight 
section  is  2.5  m.  A  straight  section  can  accommodate  two 
in-vacuum  undulators  segments  (ID  1 1 ,  ID30) 

Table  2:  Measurements  of  l"  and  2"’'  field  integral 
variation  versus  gap  for  4  in-vacuum  undulators,  left  part: 
magnetic  measurements,  right  part:  derived  from  COD. 


§■1 

Magnetic  Measurements 

From  COD 

pm 

'mm 

ID9 

U17 

0.05 

0.1 

0.09 

0.1 

0.1 

0.12 

ID13 

U18 

0.04 

0.5 

0.11 

0.4 

0.13 

0.4 

0.1 

0.5 

ID22 

U23 

0.1 

0.75 

0.1 

0.5 

0.3 

0.9 

0.25 

0.3 

ID29 

U21 

0.08 

0.13 

0.09 

0.5 

0.16 

0.4 

0.2 

0.8 

4  HEAT  LOAD  BUDGET 

The  ESRF  in-vacuum  undulators  include  a  water 
cooling  system,  as  shown  in  Figure  5.  It  consists  of  two 
separate  circuits  in  thermal  contact  with  the  copper  blocks 
ends  and  stainless  steel  girder  (clamping).  The 
temperature  of  the  magnetic  structure  is  permanently 
monitored  versus  time  at  different  positions  along  the 
magnetic  array  (6  for  each  upper  and  lower  array).  The 
observation  of  the  thermal  variations  of  an  in-vacuum 
undulator  is  a  long  time  process.  Indeed,  the  global 
thermal  behaviour  of  the  in-vacuum  components  is 
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governed  by  a  t3fpical  time  constant  of  28  hours  which 
prevents  reliable  measurements  over  a  few  hours. 

The  water  cooling  has  been  disconnected  on  two  devices 
(ID22  U23  and  ID29  U21)  for  a  period  of  6  months 
starting  after  the  summer  2002  shutdown.  This 
experiment  had  two  main  interests: 

•  Evaluation  of  the  efficiency  of  water  cooling 

•  Estimation  of  the  heat  load  deposited  by  the 
electron  beam  in  the  flexible  input/output 
transitions  and  in  the  copper  sheet  covering  the 
magnetic  assembly. 

Several  parameters  such  as  temperatures  of  the  magnet 
assemblies,  ID  gaps  set  by  the  beamlines,  beam  current 
and  lifetime  were  stored  in  a  database  with  a  typical  time 
period  of  1  minute. 


Figure  5:  3D  view  of  the  cooling  circuit  in  the  end  section 
of  an  in-vacuum  undulator. 

Without  any  water  cooling  the  heat  is  essentially 
transmitted  to  outside  through  the  16  stainless  steel 
columns  connecting  the  outside  main  girders  and  the  in¬ 
vacuum  magnetic  assembly.  The  thermal  resistance  (~  16 
deg  CAVatt)  of  each  column  is  the  dominant  parameter 
controlling  the  heat  transfer. 

4-1  Experimental  results 

The  data  extracted  from  the  database  concerns  only 
constant  gap  operation  over  a  period  of  time  larger  than 
four  days.  Two  different  electron  beam  filling  modes  have 
been  analysed:  16  bunches  and  uniform  filling  pattern 
(992  bunches).  Obviously,  in  these  two  modes,  the  beam 
current  is  not  constant  but  decreases  from  90  mA  (200 
mA)  to  60  mA  (170  mA)  in  the  16  bunches  (uniform) 
filling  mode  with  the  periodicity  of  injections.  The 
temperature  of  reference  measured  without  current  in  this 
experiment  was  around  24.5  deg  C. 

The  essential  observation  results  are; 

•  The  two  undulators  have  almost  the  same 
behaviour 


•  For  the  same  filling  mode  the  average  temperature 
of  the  magnet  assembly  is  at  its  highest  when  the 
ID  gap  is  open  (30  mm). 

•  The  maximum  average  temperature  of  61  deg  C  is 
obtained  in  the  16  bunches  mode  (gap  30  mm) 

The  highest  average  temperature  reached  with  cooling 
is  30  deg  C  in  16  bunches  at  a  gap  of  30  mm. 

4-2  Empirical  model 

A  very  simple  static  thermal  model  of  the  in-vacuum 
undulator  is  presented  in  Figure  6. 

Os 


Figure  6:  thermal  model  of  the  in-vacuum  undulator 

The  purpose  of  this  model  is  to  determine  the  heat 
coming  from  the  flexible  input/output  transitions  (Oe) 
according  to: 

(T  -T) 

Ta  is  the  average  measured  temperature  of  the  magnet 
assembly,  Te  is  the  temperature  at  the  end  of  the  columns 
out  of  vacuum  (24.5  deg.  C)  and  R*  is  the  thermal 
resistance  of  the  16  columns  in  parallel  (R,;=l  deg/Watt). 
The  heat  deposited  by  the  beam  in  the  copper  sheet  (Os) 
is  evaluated  analytically  [2]  [3]  and  averaged  over  beam 
current  and  bunch  length  variations  during  a  beam  decay. 


Table  3:  Empirical  heat  budget  for  in- vacuum  undulators 


The  data  in  Table  3  suggest  that  the  temperature  of  the 
magnet  assembly  is  mostly  dominated  by  the  heat 
deposited  in  the  flexible  input/output  transitions.  The 
higher  values  for  Oe  at  opened  gap  (30  mm)  favour  the 
geometrical  wake  field  as  the  main  source  of  heat. 
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Abstract 

Although  third-generation  light  sources  like  the  Ad¬ 
vanced  Photon  Source  (APS)  already  deliver  very  high  per¬ 
formance,  there  are  many  user  experiments  that  could  ben¬ 
efit  from  further  improvements.  Improved  brightness,  im¬ 
proved  beam  stability,  higher  single-bunch  current,  more 
beamlines,  and  shorter  bunches  are  all  of  interest  to  certain 
user  groups.  In  this  paper,  we  outline  some  possibilities  to 
meet  some  of  these  needs. 

Presently,  the  APS  has  an  effective  horizontal  emit- 
tance  of  3.0  nm-rad,  aehieved  by  allowing  dispersion  in  the 
straight  sections.  Top-up  allows  us  to  go  lower  in  spite  of 
the  poor  lifetime,  which  we  eould  do  by  adding  pole-face 
windings  to  the  dipoles  to  reduce  the  emittance  to  1.8  nm- 
rad.  A  more  dramatic  effort  would  involve  shortening  the 
dipoles,  which  would  have  the  added  benefit  of  increasing 
the  straight-section  length  from  5  m  to  9  m. 

Beyond  this,  several  much  more  speculative  ideas  have 
been  explored.  One  of  these  is  to  use  the  APS  ring  as  part  of 
an  energy  recovery  linae  facility,  with  single-  or  multi-turn 
circulation  of  a  high-brightness  linac  beam  in  the  existing 
ring.  We  present  some  preliminary  simulations  of  the  per¬ 
formance  of  this  option.  Another  possibility  is  replacement 
of  the  APS  storage  ring  with  a  next-generation  ring  capa¬ 
ble  of  ultra-low  emittance  and  making  full  use  of  top-up. 
We  present  a  concept  for  a  facility  that  promises  75  pm-rad 
horizontal  emittance  and  lOm-long  straight  sections. 

INTRODUCTION 

Several  ideas  for  improving  the  7-GeV  Advanced  Photon 
Source  (APS)  are  presented  here.  The  main  features  and 
the  identification  of  technological  areas  that  needs  further 
exploration  are  described. 

POSSIBLE  MODIFICATIONS  OF  THE  APS 
STORAGE  RING 

The  emittance  can  be  reduced  by  increasing  the  hori¬ 
zontal  damping  partition  number  through  a  change  in  rf 
frequency.  We  have  reduced  the  emittance  during  studies 
from  3.0  nm-rad  to  2.5  nm-rad.  While  the  rf  frequency 
was  changed  in  steps,  the  values  of  tunes  and  chromaticity 
were  adjusted  manually  to  keep  them  constant.  Because  of 
dispersion,  the  orbit  at  the  straight  section  was  steered  hor¬ 
izontally  by  about  -2  mm.  When  steering  the  beam  back, 
the  emittance  returned  close  to  the  original  value.  Perhaps 

•  Work  supported  by  U.S.  Department  of  Energy,  Office  of  Basic  En¬ 
ergy  Sciences  under  Contract  No.  W-31-109-ENG-38. 
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an  angle  steering  while  keeping  the  orbit  at  -2  mm  would 
have  sufficed  to  restore  the  photon  beam  steering,  which  we 
haven’t  tried.  Clearly,  changing  rf  frequency  invites  many 
operational  difficulties. 

An  alternative  to  changing  the  rf  frequency  is  to  add  a 
field  gradient  to  the  dipole  by  using  pole  face  windings. 
The  model  emittance  is  significantly  reduced  (e  =  1.2  nm- 
rad,  eeff=1.8  nm-rad,  t/x=46.2,  i/y=32.27).  The  lifetime 
will  certainly  decrease  because  of  the  higher  nonlinearity. 
Figure  1  shows  the  lattice  functions. 


Figure  1:  Machine  functions  of  a  much  lower  emittance 
lattice  cell  with  gradients  in  the  dipole. 

The  normalized  gradient  k  for  the  dipole  is  optimized 
at  -0.17  m“^.  The  field  in  the  dipole  gap  will  vary  from 
0.2  T  to  1.0  T,  which  is  a  large  relative  range.  The  pole 
winding  could  either  cover  the  10-cm  width  of  the  pole 
or  cover  only  about  +/-  3  cm  of  good  field  region  to  re¬ 
duce  the  range  in  field,  though  one  should  be  mindful  of 
fringe  fields.  The  current  sheet  value  is  given  by  7  = 
(fc(Bp)pi/2w)/(47r  X  10“'^).  With  k  =  -0.17  m-^,  Bp  = 
23.3  T-m,  half-gap  gi/2  =  0.03  m,  and  width  w  =  0.105 
m,  the  required  I  is  10  kA-tum.  Since  a  maximum  of  10 
A/mm^  for  cooled  conductors  might  be  possible  according 
to  [1],  the  coil  thickness  could  be  as  small  as  10  mm.  Cool¬ 
ing  limits  of  conductors  should  be  further  explored  to  see 
if  the  coil  thickness  can  be  reduced. 

The  fact  that  all  APS  multipoles  have  individual  power 
supplies  allows  gradual  changes  to  the  machine  configura¬ 
tion,  so  we  could  implement  such  changes  over  a  series  of 
one-month  shutdowns. 

As  previously  reported  in  [2],  lengthening  the  straight 
sections  enables  users  to  install  three  or  possibly  four  un- 
dulators  for  greater  flexibility  of  operation.  This  would  not 
only  increase  the  brightness  for  users  who  demand  it,  it 
would  provide  multiple  beamlines  from  a  single  straight 
section  for  applications  that  are  less  demanding.  Presently 
about  L  =  5.0  m  is  available  for  installation  of  undula- 
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tors  in  the  5.9-m  straight  section.  Removing  the  nearest 
quadrupole  magnet  from  the  two  adjacent  girders,  or  re¬ 
placing  the  dipoles  with  shorter  ones,  or  both  would  allow 
spaee  for  an  extra  ID  or  two.  One  option  is  to  replace  the 
two  elosest  0.6-T,  3-m-long  dipoles  with  1.8-T,  1-m-long 
gradient  dipoles.  These  special  solutions  have  inereased 
emittance,  so  we  may  only  allow  one  or  a  few  such  straight 
section  modifications.  Various  configurations  are  presently 
being  pursued  [3]. 

ENERGY  RECOVERY  LINAC 

In  addition  to  advanced  storage  rings  and  FELs,  another 
concept  for  a  next-generation  light  source  is  the  Energy  Re¬ 
covery  Linae  (ERL)  [4, 5].  In  this  concept,  a  superconduct¬ 
ing  linac  is  used  to  accelerate  high-quality  electron  bunches 
to  multi-GeV  energies.  The  bunches  are  passed  through 
one  or  more  undulators  in  the  course  of  being  bent  around 
a  raee-track  transport  line,  which  brings  them  back  to  the 
head  of  the  linac.  If  the  path  length  is  such  as  to  delay  the 
bunch  phase  by  180  degrees,  then  the  energy  is  extracted 
from  the  beam,  which  is  then  dumped  at  a  relatively  low 
energy.  In  this  way,  a  high-duty-factor  beam  can  be  pro¬ 
vided  with  relatively  modest  energy  consumption. 

A  variation  on  the  ERL  concept  involves  injecting  the 
beam  from  a  supercondueting  linac  into  a  storage  ring, 
where  it  is  allowed  to  circulate  one  or  more  turns.  This 
has  two  potential  advantages:  First,  the  bunch  rate  from 
the  linac  injector  can  potentially  be  redueed  without  reduc¬ 
ing  the  average  flux  delivered  to  users.  Second,  if  this  is 
done  with  an  existing  storage  ring,  then  existing  undulators 
and  beamlines  potentially  benefit  from  higher  beam  qual¬ 
ity  and  shorter  bunches.  In  sueh  a  scenario,  beam  would 
be  extraeted  from  the  ring  after  circulating  one  more  more 
turns  and  then  be  sent  baek  into  the  linac  in  the  opposite 
direction. 

We  performed  a  preliminary  evaluation  of  the  possibility 
of  such  a  facility  at  the  APS,  using  the  existing  APS  stor¬ 
age  ring.  Of  particular  concern  were  incoherent  and  coher¬ 
ent  synchrotron  radiation  (ISR  and  CSR)  effects.  We  used 
elegant  to  investigate  three  lattices:  a  lattice  with  zero- 
dispersion  in  the  straight  sections  (“ZD”  lattice),  a  lattice 
with  low  emittance  (“LE”  lattice),  and  an  isochronous  lat¬ 
tice  with  minimized  emittance  (“ISO”  lattice).  For  each 
lattice,  we  injected  a  50-pC  bunch  with  0.01%  initial  rms 
energy  spread,  l-/xm-rad  initial  normalized  rms  emittance, 
and  50-fira  initial  rms  bunch  length.  The  ZD  lattice  was 
the  clear  winner  in  terms  of  emittance,  with  less  than  10% 
emittance  growth  in  the  first  turn.  This  is  because  energy 
spread  due  to  CSR  does  not  result  in  effective  emittance 
growth  in  the  straight  sections.  In  the  longitudinal  plane, 
the  lattices  are  fairly  close.  Figure  2  shows  simulation  re¬ 
sults  for  a  single  turn. 

It  must  be  noted  that  these  simulations  used  a  Gaussian 
input  beam,  which  may  be  very  misleading  [6].  A  more 
tmstworthy  simulation  requires  a  complete  simulation  of 
the  injector,  including  bunch  compression.  Any  such  prob¬ 


lems  can  be  mitigated  by  making  the  initial  bunch  longer 
and  increasing  the  energy  spread.  Simply  increasing  the 
initial  bunch  length  to  100  fim  allows  one  to  increase  the 
charge  to  100  pC  while  keeping  the  emittance  growth  under 
10%.  In  addition,  using  a  longer  bunch  opens  the  option  of 
circulating  for  many  turns.  Figure  3  shows  simulation  re¬ 
sults  for  a  100-pC  bunch  with  initial  rms  bunch  length  of 
300  fim  (1  ps).  The  modest  emittance  growth  suggests  that 
a  multitum  scenario  would  be  feasible. 

In  addition  to  multitum  tracking  and  use  of  a  realistic 
initial  bunch  distribution,  these  simulations  should  be  ex¬ 
tended  to  include  wakefields.  The  recent  development  of 
an  impedance  database  for  the  APS  [7]  will  be  useful  in 
this  regard. 
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Figure  2:  Normalized  rms  x  and  y  emittances,  rms  bunch 
length,  and  rms  momentum  spread  vs  distance,  for  one  turn 
in  APS  of  a  50-pC  bunch,  for  three  trial  lattices. 
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Figure  3:  Normalized  rms  x  and  y  emittances,  rms  bunch 
length,  and  rms  momentum  spread  vs  distance,  for  one  turn 
in  APS  of  a  100-pC  bunch  for  the  ZD  lattice.  The  initial 
bunch  length  is  300  fim. 

REPLACEMENT  STORAGE  RINGS 

Another  way  to  enhance  the  existing  APS  beamliries  is  to 
replace  the  APS  ring  with  a  new,  lower-emittance  ring.  We 
investigated  several  possibilities  for  this.  The  most  obvious 
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improvement  is  to  double  the  number  of  cells  in  the  lattice, 
which  should  reduce  the  emittance  eightfold.  In  addition 
to  this,  we  have  investigated  a  more  extreme  concept  that 
could  reduce  the  emittance  100-fold. 

For  the  80-sector  exercise,  we  started  with  the  present 
APS  design  and  then  cut  the  length  of  all  magnets  and  drift 
spaces  in  half,  producing  two  subsectors  in  each  present 
sector.  We  eliminated  the  straight  section  and  triplets  from 
the  center,  allowing  us  to  lengthen  the  existing  straight  sec¬ 
tion  to  about  7.6  m  from  the  present  4.8  m.  elegant  was 
used  to  minimize  the  effective  emittance  subject  to  various 
contraints  on  the  beta  functions.  Figure  4  shows  the  lattice 
functions  for  this  concept,  which  has  a  nominal  effective 
emittance  of  0.3  nm-rad. 

The  80-sector  ring  is  only  about  ten  times  better  than 
the  present-day  APS,  and  may  seem  to  offer  too  little  im¬ 
provement  to  justify  the  cost.  To  get  truly  low  emittance, 
we  developed  a  somewhat  speculative  concept  called  the 
extreme  Photon  Source  (XPS).  It  features  40  sectors  with 
three  strong  gradient  dipoles  per  sector.  Instead  of  sepa¬ 
rate  quadrupoles  and  sextupoles,  we  assumed  combined- 
function  12-pole  magnets.  Since  there  is  dispersion  every¬ 
where,  this  promises  to  allow  correction  of  the  chromaticity 
from  each  quadruple  at  the  quadrupole  itself  To  improve 
stability  and  make  the  magnets  feasible,  we  also  suggest 
that  all  magnets  be  of  a  variable  permanent  magnet  design. 
Figure  5  shows  the  lattice  functions.  The  nominal  effective 
emittance  is  75  pm-rad,  with  a  20%  increase  expected  from 
intrabeam  scattering  (assuming  full  coupling).  The  lattice 
allows  approximately  10  iri  for  insertion  devices  in  each 
straight  section. 

Because  of  the  strong  sextupoles  in  this  lattice,  the  dy¬ 
namic  aperture  is  too  small  to  allow  accumulation.  In  ad¬ 
dition,  the  beam  lifetime  is  estimated  at  about  45  minutes 
assuming  1  mA/bunch  and  7.5  MV  rf  voltage.  Hence,  we 
would  have  to  use  on-axis  injection  and  inject  frequently, 
using  a  high-current,  low-emittance  injector.  We  propose 
using  the  existing  APS  ring  (moved  to  the  floor  of  the  tun¬ 
nel)  as  an  accumulator  ring  for  the  XPS  ring.  In  this  pro¬ 
posal,  both  the  APS  and  XPS  would  have  approximately 
the  same  stored  beam  current  at  all  times.  When  the  beam 
in  the  XPS  had  decayed  excessively,  it  would  be  swapped 
with  the  beam  in  the  accumulator  during  a  single  turn. 
(This  entails  filling  only  half  the  circumference  in  each  ma¬ 
chine.)  After  swapping,  the  bunches  in  the  former  XPS 
beam  would  be  replenished  with  the  injector  and  then  kept 
ready  using  top-up  until  the  next  “swap-up”  was  required. 
An  advantage  of  using  on-axis  injection  is  that  we  can  oper¬ 
ate  on  the  coupling  resonance,  thus  providing  round  beams 
and  smaller  horizontal  emitance. 

The  dynamic  aperture  for  the  bare  lattice  without  errors 
is  about  ±0.75  mm  in  both  planes  for  energy  offsets  from 
-2%  to  2%.  Because  of  the  small  emittance,  this  corre¬ 
sponds  to  more  than  20  times  the  rms  beam  size.  Clearly, 
much  more  work  is  required  on  this  concept,  but  it  appears 
promising.  Note  that  the  normalized  emittance  of  this  7- 
GeV  ring  is  about  0.5  /im,  comparable  to  proposed  ERL 


and  FEL  linacs.  Like  ERL  and  (to  a  lesser  extent)  FEL 
proposals,  the  XPS  is  highly  speculative  and  requires  new 
technology.  Our  studies  indicate  that  investigation  of  the 
requirements  for  such  a  ring  could  be  very  worthwhile. 


Figure  4:  Lattice  functions  for  the  80-sector  concept  re¬ 
placement  ring. 


Figure  5:  Lattice  functions  for  the  extreme  Photon  Souree 
concept  replacement  ring. 
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SIMULATION  TOOLS  FOR  HIGH  INTENSITY  RINGS 
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Abstract 

Several  codes  have  been  developed  specifically  to  sim¬ 
ulate  beam  dynamics  in  high  intensity  rings.  These 
codes  contain  detailed  algorithms  for  modeling  the  rele¬ 
vant  physics  in  the  beam,  from  single  particle  transport 
to  important  collective  effects,  including  space  charge  and 
impedances.  Among  the  various  codes,  a  number  of  differ¬ 
ent  methods  have  been  adopted  for  the  treatment  of  space 
charge.  The  codes  have  been  applied  to  a  variety  of  prob¬ 
lems  in  existing  machines,  as  well  as  for  the  study,  design, 
and  optimization  of  future  machines.  A  review  of  exist¬ 
ing  ring  simulation  codes  is  presented,  with  specific  em¬ 
phasis  on  the  space  charge  implementation.  A  more  in- 
depth  description  of  the  features  and  application  histories 
of  a  few  specific  codes  is  given,  as  well  as  a  summary  of 
code  benchmarks  with  experimental  data. 

INTRODUCTION 

The  low  loss  requirements  for  future  high  intensity  rings 
will  require  detailed  knowledge  of  beam  dynamics  in  the 
machine.  Large  scale  computational  models  provide  an  in¬ 
valuable  tool  for  simulating  the  multitude  of  processes  that 
can  contribute  to  beam  loss.  In  particular,  in  the  regime 
of  high  beam  intensities  and  low  beam  energies,  collective 
effects  such  as  space  charge  and  impedances  have  a  sig¬ 
nificant  effect  on  the  beam  behavior.  In  order  to  predict 
beam  loss  at  the  levels  required  by  future  machines,  i.e., 
tiny  fractions  of  the  beam  intensity,  the  simulations  must 
realistically  account  for  the  entire  transport  of  the  beam  in 
the  ring,  from  mapping  through  external  magnetic  fields  to 
modeling  of  collective  effects.  Due  to  the  complexity  of 
this  task,  a  computational  framework  is  natural.  Simula¬ 
tions  of  this  type  are  productive  in  the  analysis  of  instabil¬ 
ity  thresholds,  halo  development,  and  emittance  dilution  in 
existing  machines,  and  are  equivalently  useful  in  the  design 
and  optimization  of  future  machines. 

In  the  past  few  years,  a  wealth  of  simulation  tools  geared 
specifically  for  application  to  high  intensity  rings  has  been 
developed.  The  majority  of  these  tools  began  as  small,  in- 
house  codes  written  with  a  specific  problem  in  mind,  but 
have  subsequently  been  upgraded  into  more  general  pack¬ 
ages  applicable  across  a  broad  range  of  problems.  Each 
package,  or  code,  typically  contains  models  for  a  substan¬ 
tial  subset  of  the  relevant  physical  process:  injection,  strip 
foil  effects,  RF  capture  and  acceleration,  transport  through 
linear  and  nonlinear  magnetic  fields,  field  errors,  fringe 

*  SNS  is  managed  by  UT-Battelle,  LLC,  under  contract  DE-ACX)5- 
OOOR22725  for  the  U.S.  Department  of  Energy.  SNS  is  a  partnership 
of  six  national  laboratories:  Argonne,  Brookhaven,  Jefferson,  Lawrence 
Berkeley,  Los  Alamos,  and  Oak  Ridge. 


fields,  space  charge,  impedances,  boundaries  and  image 
charges,  electron-proton  interactions,  apertures  and  colli- 
mation,  modeling  of  non-standard  hardware,  diagnostic  ca¬ 
pabilities,  etc. 

A  realistic  simulation  of  a  high  intensity  beam  would 
ideally  algorithms  for  all  the  relevant  physics  together  with 
a  large  number  of  macro-particles  to  reduce  numerical 
noise.  However,  because  of  the  computational  expense 
of  many  of  the  algorithms,  especially  the  collective  algo¬ 
rithms,  one  usually  must  limit  either  the  number  of  mod¬ 
els  included,  or  the  number  of  macro-particles.  Typically, 
tbe  most  dominant  effects  on  tbe  beam  are  known  apri- 
ori,  and  the  algorithms  representing  these  effects  are  prior¬ 
itized  over  algorithms  which  contribute  only  marginally  to 
the  beam  behavior.  Recently,  this  problem  has  been  allevi¬ 
ated  somewhat  by  the  implementation  of  parallel  comput¬ 
ing  into  many  of  the  codes.  The  parallel  framework  allows 
for  fast  processing  of  large  jobs,  which  may  include  mul¬ 
tiple  collective  processes,  as  well  as  large  numbers  of  par¬ 
ticles  (>  10®).  Though  there  is  still  progress  to  be  made, 
many  simulations  can  now  realistically  portray  beam  be¬ 
havior  in  a  high  intensity  ring. 

With  the  capability  to  simulate  real  machines  comes  the 
opportunity  to  benchmark  the  codes  against  experimental 
data.  Successful  benchmarks  with  experiment  are  critical 
to  establishing  credibility  of  the  models  in  the  codes.  Addi¬ 
tionally,  since  codes  are  often  used  for  the  design  of  future 
machines,  a  successful  benchmark  with  a  current  machine 
lends  confidence  to  the  predictions  for  future  machines. 
Experimental  studies  at  several  existing  machines  have  re¬ 
cently  been  undertaken,  and  effort  is  underway  to  involve  a 
larger  number  of  codes  in  more  ambitious  benchmark  tests. 

This  paper  presents  a  review  of  the  current  state-of-the- 
art  in  in  simulation  tools  for  high  intensity  ring  beams.  As¬ 
pects  of  the  various  treatments  of  space  charge  are  high¬ 
lighted.  A  brief  summary  of  code  capabilities  for  a  repre¬ 
sentative  sampling  of  codes  is  presented,  and  a  discussion 
of  specific  problems  to  which  the  code  has  been  applied 
is  given.  Summary  tables  of  each  code  availability,  space 
charge  implementation,  and  code  benchmark  versus  exper¬ 
iment  are  also  shown. 

SUMMARY  OF  AVAILABLE  CODES 

Information  on  many  of  the  available  ring  space  charge 
codes  was  presented  at  the  ICFA  Beam  Dynamics  Mini- 
Workshop  on  Space  Charge  Simulation  [1].  Table  1  lists 
the  codes  and  gives  the  details  of  code  accessibility  and 
documentation,  programming  language,  appropriate  plat¬ 
form  for  installation,  parallelization  status,  and  any  addi¬ 
tional  external  libraries  required. 
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Table  1:  Summary  of  codes  and  portability. 


CODE 

Access  Information 

Language 

Platform 

Parallel  Ca¬ 
pability 

External 

Libraries 

ESME 

LONGID 

www-ap.fnal.gov/ESME/ 

F77 

Unix/Linux 

Yes 

None 

www.triumf.ca/peopIe/koscielniak/longld.htm 

F77 

DEC/Linux 

No 

GPlot,  CERN  libs 

Track  ID,  2D,  3D 

c.prior@rl.ak.uk 

F77 

Any 

No 

SIMPSONS 

shinji.machida@kek.jp 

F77 

Any 

In  progress 

None 

ACCSIM 

www.triumf.ca/compserv/accsim.html 

F77 

Unix/Linux 

No 

CERN  libs 

ORBIT-ORNL 

www.sns.gov/APGroup/Codes/orbit.htm 

C-H- 

Unix/Linux 

Yes 

MPI,  SuperCode, 
MXYZTPLK, 

ORBIT-BNL 

luccio@bnl.gov 

C++ 

Unix/Linux 

Yes 

FFTW 

MPI 

MLAMPACT 

rdryne@lbl.gov 

F90 

Unix/Linux 

Yes 

MPI 

GenTrackE 

andreas.adelmann@psi.ch 

C++ 

Unix/Linux 

Yes 

MPI 

Best 

hongqin@princeton.edu 

F90 

Unix/Linux 

Yes 

MPI,  OpenMP 

Synergia 

spentz@fnal.gov 

F90/C+ 

Unix/Linux 

Yes 

MPI 

An  important  component  of  any  code  simulating  high 
intensity  ring  beams  is  the  space  charge  algorithm.  His¬ 
torically,  space  charge  effects  were  considered  important 
mainly  in  linear  accelerators,  where  the  peak  density  of  par¬ 
ticles  is  much  greater  than  in  rings.  Several  space  charge 
codes  exist  for  linacs,  many  of  which  have  been  extensively 
applied  to  space  charge  studies  in  current  and  future  ma¬ 
chines  [2].  Recently,  space  charge  has  been  recognized  as 
an  important  phenomenon  for  rings  as  well.  Even  for  very 
high  intensity  ring  beams,  the  space  charge  force  is  small 
compared  to  that  in  linac  beams.  However,  due  to  the  peri¬ 
odic  nature  of  rings  and  the  long  duration  time  spent  there, 
the  ring  beam  is  sensitive  to  resonant  excitations  induced 
by  space  charge,  and  a  relatively  small  space  charge  force 
can  significantly  alter  the  beam  behavior.  Implementation 
of  space  charge  routines  for  rings  began  as  early  as  1980 
[3].  The  effort  has  increased  dramatically  in  recent  years, 
stimulated  by  projects  such  as  the  SNS  machine  [4]  and  the 
prospect  of  future  high  intensity  proton  drivers. 

A  variety  of  approaches  to  solving  Poisson’s  equation 
for  the  ring  beam  have  been  developed,  each  with  its  own 
merits  and  drawbacks.  One  problem  that  all  space  charge 
algorithms  must  contend  with  is  the  computation  expense 
of  the  problem,  which  normally  occupies  the  largest  sin¬ 
gle  portion  of  CPU  mn  time.  This  expense  is  rooted 
in  the  large  number  of  macro-particles,  the  finely-spaced 
meshes,  and  the  small  integration  lengths  required  by  space 
charge  solvers  to  provide  accurate  results  with  low  numer¬ 
ical  noise.  To  overcome  this  hurdle,  many  codes  contain 
fast  solvers  which  rely  on  a  few  approximations,  or  par¬ 
allel  processing  capabilities,  or  both.  Some  of  the  more 
common  approaches  to  solving  Poisson’s  equation  for  the 
beam  include  various  types  of  spectral  methods  (FFT  con¬ 
volutions  in  mode-space),  finite  element  methods  (FEM), 
or  fast  multipole  method  (FMM)  techniques. 

Table  2  gives  a  summary  of  routines  and  parameters  rel¬ 
evant  to  the  space  charge  implementation  for  the  codes 
shown  in  Table  1  .  For  each  code,  the  table  lists  the  in¬ 


dependent  variable  used  for  tracking,  the  dimension  of  the 
space  charge  model,  the  number  of  macro-particles  that  are 
typically  tracked,  the  type  of  space  charge  algorithm,  and 
whether  any  image  or  boundary  charges  can  be  included. 
Recall  that  the  parallel  capability  of  the  codes  is  listed  in 
Table  1. 

DETAILS  OF  SOME  SPECIFIC  CODES 

In  this  section,  a  brief  discussion  of  some  of  the  codes 
listed  in  Tables  1  and  2  is  given.  In  addition  to  summariz¬ 
ing  capabilities  or  highlighting  key  features,  a  few  of  the 
problems  to  which  the  codes  have  been  applied  are  also 
presented.  Unfortunately,  due  to  space  considerations,  it 
is  not  possible  to  present  separate  reviews  all  of  the  codes 
listed  in  Tables  1  and  2.  The  discussion  below  is  intended 
as  representative  sampling  of  codes  and  some  of  their  ap¬ 
plications,  not  a  comprehensive  survey. 

ESME 

The  ESME  code  is  designed  for  tracking  in  longitudinal 
phase  space  of  a  beam  [5],  and  for  other  aspects  of  a  pro¬ 
ton  synchrotron  that  are  governed  by  RF.  The  code  follows 
the  beam  distribution  in  energy  and  azimuth  on  a  tum-by- 
tum  basis,  where  the  independent  variable  for  tracking  is 
the  revolution  time  of  the  synchrotron.  The  code  began 
development  in  the  early  1980’s,  and  has  been  extended 
considerably  since  this  time,  with  implementation  of  the 
space  charge  algorithm  in  1986.  ESME  now  contains  com¬ 
prehensive  capabilities  for  modeling  the  physics  relevant  to 
the  longitudinal  dynamics  of  the  beam,  including,  but  not 
limited  to, 

•  Energy  ramps:  linear,  parabolic,  cubic,  biased  sinu¬ 
soid,  user  defined 

•  Arbitrary  phase  and  voltage  curves,  multiple  RF 
sources,  exact  sinusoidal,  non-sinusoidal 

•  Lattice  nonlinearity  via  Ap/p  expansion 
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Table  2:  Summary  of  routines  and  parameters  relevant  to  space  charge  implementation. 


CODE 

Independent 

Variable 

Dimension  of 
SC  Model 

Number  of 
Particles 

Space  Charge  Model 

Boundaries  &  Images 

ESME 

revolution 

time 

ID  long. 

10^  . 

smoothed 

Circular  conducting 
wall 

LONGID 

revolution 

time 

ID  long. 

10® 

smoothed  ^ 

Conducting  wall 

Track  ID,  2D,  3D 

revolution 
time;  s;  s 

ID; 2D; 3D 

10® 

smoothed  FEM; 

FEM 

Variable  g-factor; 

Automatic  treatment; 
Automatic  treatment 

SIMPSONS 

t 

2D,  3D 

>  10^ 

FFT  in  cylin.  coords. 

Circular  conducting 
wall 

ACCSIM 

s 

2.5D 

>  10® 

Hybrid  FMM 

Conducting  wall 

ORBIT-ORNL 

s 

ID,  2.5D,  3D 

>  10® 

FFT,  force  or  potential 

Conducting  wall 

ORBIT-BNL 

s 

ID,  2D,  3D 

10® 

SU  +  LOR 

Conducting  wall,  au¬ 
tomatic  images 

ML/IMPACT 

s 

3D 

>  10® 

Spectral 

None 

GenTrackE 

t/s 

3D 

>  10® 

FEM,  Multi-grid 

Periodic,  Dirichlet  or 
Neumann,  mixed 

Best 

t 

3D 

>  10® 

Spectral,  FD 

Circular  conducting 
wall 

Synergia 

s 

3D 

>  10® 

Spectral 

Open,  periodic,  rect¬ 
angular,  circular 

•  Momentum  aperture  checking 

•  Machine  to  machine  transfers 

•  7j  jump  and  RF  phase  reversal 

•  Imaginary  7t  lattices 

•  Voltage  and  phase  feedback 

•  Space  charge 

•  Wall  impedances 

•  Graphics  and  diagnostics. 

Having  been  in  use  for  quite  some  time  now,  there  is  an 
exhaustive  list  of  problems  to  which  ESME  has  been  ap¬ 
plied.  For  example,  it  has  been  used  at  the  Fermilab  Main 
Ring  and  Injector  to  study  bunch  coalescing,  phase  lock, 
and  slip  stacking;  at  the  Fermilab  Booster  for  studies  of 
transition  crossing,  7^  jump,  and  beam  instabilities;  at  the 
SNS  in  benchmark  studies  with  the  ORBIT  code  and  for 
bunch  shape  manipulation  in  the  SNS  accumulator  ring; 
and  for  a  multitude  of  studies  at  other  machines,  including 
the  CERN  PS  and  SPS,  the  Pimms  Medical  Synchrotron, 
Petra  (for  protons),  and  a  future  proton  driver  machine. 

TRACK  ID,  2D,  and  3D 

The  Track  codes  consist  of  three  separate  codes  for 
tracking  in  the  longitudinal  dimension  (Track ID),  in  the 
transverse  dimensions  (Track2D),  and  in  all  three  dimen¬ 
sions  (Tracks D)  [6].  Like  the  ESME  code,  Track2D  was 
developed  in  the  early  1980’s,  and  has  a  long  history  of 
additions,  revisions,  and  applications.  It  was  possibly  the 
first  particle-pushing  code  to  perform  multi-tum  injection 
with  full  nonlinear  space  charge,  this  work  having  been  per¬ 


formed  for  fusion  studies  in  1980  [3].  An  essential  feature 
of  the  space  charge  implementation  is  that  it  is  based  on 
a  finite  element  approach,  which  allows  for  easy  handling 
of  complicated  geometries.  The  algorithms  also  provides 
automatic  treatment  of  image  charges  for  open,  periodic, 
elliptical,  polygonal,  and  lossy  boundaries. 

As  main  in-house  codes  at  the  Rutherford- Appleton  Lab¬ 
oratory,  the  Track  codes  have  been  extensively  applied 
in  upgrade  and  development  studies  of  the  ISIS  machine. 
These  studies  have  resulted  in  upgrade  of  the  injection  sys¬ 
tem  and  the  design  and  installation  of  a  new  dual-harmonic 
RF  system,  due  to  come  on  line  in  the  next  year.  Addi¬ 
tionally,  the  Track  codes  have  been  used  for  studies  of  in¬ 
jection,  funnel  optimization,  and  chopper  optimization  in 
the  ESS  design,  for  studies  at  CERN  machines  (PS,  PS 
Booster,  and  SPS),  for  simulations  of  a  future  proton  driver 
at  Fermilab,  and  for  studies  of  a  future  neutrino  factory. 

ACCSIM 

The  ACCSIM  code  is  unique  from  many  of  its  prede¬ 
cessors  in  that  it  was  specifically  developed  as  a  “ready-to- 
run”  package  for  general  use  in  the  study,  design,  and  op¬ 
timization  of  accelerator  rings  and  transport  lines  [7].  The 
code  is  comparably  well-documented  and  a  detailed  User’s 
Manual  is  available  [8].  Not  only  is  ACCSIM  attractive 
from  the  standpoint  of  portability  and  user-friendliness,  it 
also  has  a  comprehensive  suite  of  physics  models.  Some  of 
these  models  are: 

•  Injection;  internal  distribution  generators,  painting. 
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foil  effects 

•  First  order  tracking  and  thin  element  capabilities 

•  RF  and  acceleration,  barrier  RF 

•  Apertures  for  any  element,  collimators  and  targets 

•  Pick-up  and  damper  systems 

•  Space  charge:  longitudinal,  2.5D  transverse 

•  Image  charges 

•  Many  diagnostics,  built  in  graphics. 

The  spaee  charge  routine  is  a  hybrid  FMM  routine  which 
yields  computational  times  scaling  with  Ng,  the  number  of 
grid  points.  This  is  a  significant  improvement  over  the  scal¬ 
ing  of  the  pure  FMM  routine,  which  depends  on  the  num¬ 
ber  of  particles,  Np  [7].  The  reference  to  2.5D  in  the  space 
charge  routine  refers  to  the  fact  that  the  transverse  and  lon¬ 
gitudinal  directions  are  quasi-independent,  with  coupling 
induced  from  length  terms  and  longitudinal  density  factors. 
A  new  improvement  to  ACCSIM  is  the  inclusion  of  a  MAD 
parser  into  the  program.  This  is  currently  available  in  the 
newest  beta-release  version,  ACCSIM  4. 

ACCSIM  has  been  used  at  many  laboratories  for  a  vari¬ 
ety  of  ring  machine  studies.  Benchmarks  with  experimen¬ 
tal  data  have  been  performed  for  the  CERN  PS  Booster  and 
the  KEK  12  GeV  PS,  both  of  which  yielded  successful  re¬ 
sults.  Additionally,  ACCSIM  has  been  used  for  studies  of 
injection  at  the  Tsukub  Hitachi  medical  synchrotron,  for 
studies  of  injection  and  space  charge  in  the  future  SNS  1 
GeV  accumulator  ring,  and  for  studies  of  injection  and  col- 
limation  in  the  J-PARC  3  GeV  ring,  to  name  just  a  few. 

ORBIT 

Historically,  ORBIT  began  as  a  C-H-  rewrite  of  the  F77- 
based  ACCSIM  code  [9j.  The  motivation  for  the  rewrite 
was  two-fold:  to  provide  a  modular  stracture  for  program¬ 
ming,  and  to  incorporate  a  driver  shell  for  “on-the-fly” 
scripting.  SuperCode  was  the  driver  shell  chosen  at  the 
time  and  is  still  in  use  in  the  Oak  Ridge  version  of  ORBIT, 
ORBIT-ORNL.  However,  an  effort  is  underway  to  replace 
SuperCode  with  a  more  standard,  well-documented  Python 
interface;  the  completion  of  this  work  is  imminent. 

Owing  mainly  to  the  modular  structure  of  the  code, 
ORBIT-ORNL  has  been  developed  as  a  collaborative  ef¬ 
fort  between  many  authors.  The  modularity  allows  for  the 
easy  addition  of  new  source  code  (a  module),  which  acts 
independently  from  other  modules.  This  structure  helps  a 
developer  isolate  and  identify  errors,  and  allows  a  user  to 
pick  and  choose  among  existing  modules  to  formulate  a 
combination  appropriate  to  the  problem  at  hand.  Among 
the  available  models  in  the  ORBIT-ORNL  code  are: 

•  Injection:  internal  distribution  generators,  painting, 
foil  effects 

•  Single  partiele  transport:  First  or  second  order  track¬ 
ing,  symplectic  TEAPOT-type  maps,  or  Mxyzptlk  li¬ 
brary.  library. 

•  RF  and  acceleration 

•  Magnet  errors  and  fringe  fields 


•  closed  orbit  calculation  and  correction 

•  Apertures  and  collimators 

•  Space  charge:  ID  longitudinal,  2.5D  force  or  poten¬ 
tial,  or  3D  potential 

•  Image  charges 

•  Transverse  and  longitudinal  impedances 

•  Feedback  and  stabilization 

•  Diagnostics 

ORBIT-ORNL  has  been  the  main  code  in  use  for  simula¬ 
tions  of  the  future  SNS  accumulator  ring  beam.  It  has  been 
used  for  injection  optimization,  for  collimation  system  de¬ 
sign  and  optimization,  for  studies  of  halo  formation  from 
space  charge,  impedances,  and  resonance  crossing,  for  de¬ 
velopment  of  a  feedback  and  stabilization  system,  and  for 
studies  of  loss  distributions  around  the  ring.  Outside  of  the 
SNS  project,  ORBIT-ORNL  was  the  main  tool  applied  in 
a  comprehensive  study  of  space  charge  effects  in  the  PSR 
ring  [10],  and  is  now  in  use  for  space  charge  studies  of  the 
Fermilab  Booster  ring. 

The  ORBIT-ORNL  version  presented  above  is  housed 
at  Oak  Ridge  National  Laboratory  and  is  different  than 
the  version  housed  at  Brookhaven  National  Laboratory, 
ORBIT-BNL  [11].  Both  versions  originated  from  the  first 
ORBIT  rewrite  of  ACCSIM,  but  eventually  two  different 
codes  emerged  under  separate  developers.  ORBIT-BNL 
incorporates  many  of  the  same  capabilities  as  the  ORBIT- 
ORNL,  including  full  3D  space  charge,  parallel  capabil¬ 
ities,  and  impedances,  but  it  no  longer  makes  use  of  the 
driver  shell  format.  Additionally,  the  algorithms  for  many 
of  the  routines  differ,  as  demonstrated  by  Table  2.  Though 
ORBIT-BNL  uses  position  (s)  as  the  independent  variable 
for  tracking,  the  space  charge  algorithm  is  formulated  to 
remove  the  resulting  approximation  in  the  time  domain. 
ORBIT-BNL  also  been  used  for  machine  studies,  includ¬ 
ing  simulations  of  the  SNS  accumulator  ring,  of  the  AGS, 
the  AGS  Booster,  and  the  RHIC  machine  at  Brookhaven, 
and  also  for  simulations  of  SIS  at  the  GSI. 

New  Directions:  IMPACT-MaryLie,  GenTrackE 
UAL 

A  few  codes  that  are  either  new  to  space  charge  sim¬ 
ulation  in  rings  or  will  be  entering  the  scene  soon  are 
IMPACT-MaryLie,  GenTrackE,  and  UAL. 

The  linear  accelerator  code  IMPACT  has  recently  been 
merged  with  the  MaryLie  package  to  provide  particle  track¬ 
ing  in  rings.  The  new  code,  IMPACT-MaryLie  [12],  con¬ 
tains  relevant  modules  from  the  original  IMPACT  code, 
as  well  as  two  new  space  charge  computation  methods:  a 
Hermite-Gaussian  expansion  model,  and  a  cellular  analytic 
convolution  model.  Both  of  these  models  are  designed  to 
minimize  the  field  error  induced  when  solving  Poisson’s 
equation  for  beams  with  extreme  aspect  ratios. 

GenTrackE  is  a  framework  for  particle  tracking  applica¬ 
tions  which  aims  to  provide  good  scalability  for  very  large 
parallel  processing  jobs.  The  code  features  either  tmncated 
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Table  3:  Summary  of  code  benchmarks  with  experimental 
data. 


Code  -  Machine 

Quantity  Com¬ 
pared 

Agreement 

Level 

ESME  -  Fermilab 

Longitudinal 

Good 

Booster 

parameters 

ESME  -  CERN  PS 

Longitudinal 

parameters 

Good 

TracklD  -  ISIS 

Longitudinal 

parameters 

Good 

ACCSIM  -  CERN  PS 

Beam  profiles 

Good 

ACCSIM  -  KEK  PS 

Beam  profiles 

Good 

ORBIT-ORNL  -  PSR 

Beam  profiles 

Good 

SIMPSON  -  KEK 

Emittance 

Good 

Booster 

exchange 

ORBIT-ORNL  -  Fer- 

Emittance 

Under  study 

milab  Booster 

growth 

Best  -  PSR 

E-cloud  effects 

Fair 

power  series  maps  or  time  integration  methods  for  track¬ 
ing,  and  an  finite-element  approach  to  space  charge  with 
semi-unstructured  griding.  Currently,  the  code  has  be  mn 
with  up  to  7  X  10®  grid  points.  One  application  making  use 
the  GenTrackE  fi-amework  is  a  parallelized,  self-consistent 
electron-cloud  model  [13],  adapted  from  M.  Furman  and 
M.  Pivi’s  probabilistic  model  [14]. 

The  Unified  Accelerator  Libraries,  or  UAL,  is  not  a 
particle-tracking  code  by  itself,  but  is  rather  a  collection  of 
libraries  that  address  diverse  accelerator  tasks  [15].  Meth¬ 
ods  included  in  the  libraries  are  derived  from  other  codes, 
such  as  ACCSIM,  TEAPOT,  Zlib,  etc.  The  official  ver¬ 
sion  of  UAL  does  not  currently  contain  a  space  charge  im¬ 
plementation,  but  a  non-official  local  version  at  BNL  has 
been  modified  to  provide  the  ORBIT-ORNL  space  charge 
routines.  The  modification  has  been  successfully  used  for 
studies  of  the  SNS  beam,  and  future  plans  for  UAL  include 
adding  this  capability  to  the  official  version. 

SUMMARY  OF  BENCHMARKS  WITH 
EXPERIMENT 

An  important  test  of  the  validity  of  the  models  incorpo¬ 
rated  into  any  simulation  tool  is  whether  the  model  can  be 
successfully  benchmarked  with  experiment.  Unfortunately, 
only  a  limited  number  of  beam  parameters  can  be  evaluated 
through  experimental  measurement,  and  the  experimental 
data  is  often  complicated  by  effects  that  are  not  easily  sep¬ 
arated  from  the  physical  process  under  study.  The  task 
in  any  benchmark  is  to  extract  meaningful  measurements 
where  either  a  single  physical  phenomenon  is  isolated,  or 
in  which  the  effects  of  other  phenomena  can  be  easily  iden¬ 
tified.  Many  of  these  experiments  have  been  performed  and 
the  data  has  been  used  for  benchmarking  of  codes.  Table  3 
summarizes  a  number  of  these  benchmarks. 


Overall,  the  success  rate  for  benchmark  of  simple  quanti¬ 
ties,  such  as  beam  profiles,  is  high.  However,  there  is  a  dis¬ 
tinct  lack  of  benchmarks  with  more  complicated  quantities, 
such  as  emittances  and  coherent  tunes.  Toward  this  end,  a 
plan  was  formulated  at  the  ICFA  Beam  Dynamics  Mini- 
Workshop  on  Space  charge  Simulation  for  a  multiple  code 
benchmark  (ORBIT,  ACCSIM,  IMPACT-MaryLie,  Gen¬ 
TrackE,  and  Best)  with  existing  experimental  data  from  the 
CERN  PS  [16,  17].  Two  data  sets  have  been  identified  for 
the  study:  1)  Emittance  measurements  while  crossing  the 
integer  and  half-integer  resonances,  and  2)  measurement  of 
emittance  exchange  while  crossing  the  fourth-order  Mon¬ 
tague  resonance,  2Qx  —  2Qy  =  0. 
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Abstract 

Multipacting  (MP)  has  recently  received  a  renewed  in¬ 
terest  in  the  community  of  superconducting  RF.  In  this  pa¬ 
per,  I  will  overview  the  developments  of  MP  simulations 
for  SRF  cavities  and  RF  couplers,  summarize  the  simu¬ 
lation  results,  compare  experiment  results  with  simulation 
predictions  and  examine  the  algorithms.  After  identifying 
the  discrepaney  between  the  predictions  and  experiments, 
suggestions  are  given  to  further  improve  the  simulations.  ' 

INTRODUCTION 

MP  is  a  phenomenon  of  resonant  secondary  emission 
multiplication,  first  described  by  Farnsworth  in  1934  [1]. 
The  operating  mechanism  of  MP  is  that  participating  elec¬ 
trons,  driven  by  RF  fields,  impact  a  surface  and  release  sec¬ 
ondary  electrons,  which  in  turn  driven  by  RF  fields,  are 
made  to  impact  again  and  release  more  secondary  elec¬ 
trons.  This  process  will  go  on  resonantly  (electrons  are 
synchronized  to  RF  fields)  until  the  number  of  electrons 
are  saturated  due  to  some  limiting  mechanism.  MP  may 
occur  in  an  array  of  evacuated  RF  devices  and  may  involve 
one  surface  or  two  surfaces. 

MP  was  intensively  studied  in  the  40s  and  50s  for  a  spe¬ 
cific  case,  namely  two-sided  MP  in  a  parallel  plate,  in  the 
context  of  high  frequency  gaseous  discharge.  Gill  and  von 
Engels  [2]  and  others  developed  theoretical  formulations 
for  the  parallel  plate  MP.  Hatch  and  Williams  [3]  extended 
the  work  and  generalized  the  formulation  to  allow  con¬ 
struction  of  MP  susceptible  zones,  including  higher  order 
MP.  These  formulations  have  now  become  known  as  “con¬ 
stant  k  theory”  to  reflect  the  adoption  of  a  constant  ratio  be¬ 
tween  the  electron  velocity  upon  impact  (vj)  to  the  velocity 
at  emission  (vq).  Theoretical  treatments  were  also  devel¬ 
oped  by  Krebs  and  Meerbach  [4]  and  by  Tamagawa  [5]. 
Instead  of  imposing  a  constant  ratio  to  Vi/vq,  they  adopted 
a  constant  vq,  typically  equivalent  to  a  few  eV.  In  the  80s, 
the  “constant  vq"  theory  was  advanced  by  Shemelin  [6]  and 
by  Vaughan  [7]  in  which  important  effects  like  the  phase 
stability  and  the  MP  saturation  due  to  space  charge  are  ex¬ 
plicitly  examined.  In  most  MP  simulation  studies  to  be  pre¬ 
sented  in  this  paper,  a  constant  Vq  is  adopted. 

Simulation  studies  of  MP  in  the  superconducting  RF 
(SRF)  community  can  be  traced  back  to  the  70s,  when  MP 
was  a  major  SRF  cavity  performance  limitation  [8].  With 
the  aid  of  computer  simulations,  a  new  type  of  MP,  one- 
point  MP,  was  discovered  in  pill-box  like  cavities  by  Lyneis 
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et  al.  [10]  and  in  muffin-tin  cavities  by  Padamsee  et  al. 
[11].  Klein  and  Proch  showed  through  simulation  smdies 
that  a  spherical  cavity  shape  is  free  of  one-point  MP  [12]. 
This  finding  resulted  a  breakthrough  in  SRF  cavity  perfor¬ 
mance.  MP  then  became  less  of  a  concern  until  1984,  when 
two-point  MP  was  discovered  in  a  500  MHz  spherical  cav¬ 
ity  by  Weingarten  [14]  through  a  combined  experimental 
and  simulation  study.  Owing  to  its  nature,  two-point  MP 
did  not  become  a  limiting  mechanism. 

MP  has  recently  received  a  renewed  interest  in  the  SRF 
community.  This  is  mainly  due  to  the  fact  that  this  mech¬ 
anism  is  found  to  cause  harmful  RF  breakdown  in  today’s 
multi-hundred  kW  couplers  for  SRF  cavities.  In  addition, 
two-sided  MP  has  been  identified  in  elliptical  cavities  for  a 
broad  frequency  range  from  200  MHz  to  3000  MHz.  Nu¬ 
merical  simulations  have  been  advanced  in  the  past  decade, 
allowing  systematic  studies  of  MP  characteristics  of  new 
RF  structures  [15].  Several  simulation  tools  now  exist  to 
evaluate  MP  likely-hood  and  to  predict  MP  suppression 
methods  [16].  Important  experimental  verifications  of  the 
predictions  made  by  these  codes  have  been  brought  for¬ 
ward  since  last  year.  In  this  paper,  I  will  overview  the 
developments  of  MP  simulations  in  SRF  cavities  and  cou¬ 
plers,  summarize  the  simulation  results,  compare  experi¬ 
ment  results  with  simulation  predictions  and  examine  the 
algorithms.  Suggestions  are  given  to  improve  the  simula¬ 
tions. 


MP  SIMULATIONS  FOR  SRF  CAVITIES 

ONE-POINTMP 

One-point  MP  was  a  major  SRF  cavity  performance  lim¬ 
itation  in  the  70s.  It  occurs  in  regions  where  RF  magnetic 
field  is  nearly  uniform  and  RF  electric  field  has  a  non-zero 
normal  component.  MP  electrons  come  back  to  the  emis¬ 
sion  location  after  an  integer  (N,  N  being  the  order  of  MP) 
multiples  of  RF  period.  Fig.  1  illustrates  trajectories  of  MP 
electrons  in  a  muffin-tin  cavity  [11]. 

The  MP  field  levels  are  determined  by  the  magnetic  field 
and  scale  like  ~  f/N,  where  f  is  RF  frequency.  The 
electron  impact  energy  is  determined  by  the  normal  com¬ 
ponent  of  the  electric  field  E„  and  has  a  frequency  depen¬ 
dence  of  Sjv E^lp.  The  synchronism  between  MP 
electrons  and  RF  field  is  stable  only  for  a  narrow  phase 
range  near  zero-cross  of  the  electric  field,  as  a  result,  MP 
bands  are  well  separated  and  each  has  a  narrow  width. 

Interim  olutions  to  suppress  one-point  MP  include  sharp¬ 
ening  the  comer  for  pill-box  cavities  and  grooving  the 
surface  of  MP  susceptible  regions  for  muffin-tin  cavities. 
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Figure  1;  One-point  MP  in  a  muffin-tin  cavity. 

These  solutions  were  both  experimentally  verified. 

The  most  successful  solution  to  one-point  MP  is  to  round 
the  cavity  wall  to  make  a  spherical  cavity  [12].  In  this  ge¬ 
ometry,  electrons  are  bent  to  the  equator  where  energy  gain 
is  small.  The  same  MP  suppression  effect  is  achieved  in  the 
elliptical  cavity  shape  yet  with  added  mechanical  strength 
[13].  The  spherical/elliptical  cavity  shapes  have  become 
the  mainstream  for  /3  =  1  cavities. 

TWO-POINTMP 

Two-point  MP  [14]  occurs  in  small  regions  near  the 
equator  of  a  spherical/elliptical  cavity.  Two  points  symmet¬ 
ric  about  the  equator  are  involved.  The  flight  time  between 
impacts  is  an  odd-integer  (2N-1,  N  being  the  order  of  MP) 
multiples  of  half  period.  Fig.  2  shows  the  trajectory  of  two- 
point  MP  electrons  in  a  1.3  GHz  TESLA  cavity  [17].  The 
synchronism  is  maintained  by  the  magnetic  field  and  MP 
levels  scale  linearly  with  frequency  Bn  f/{2N  -  1). 
The  impact  energy  for  the  1®*  order  two-point  MP  is  in  the 
range  of  30  -  50  eV,  irrespective  of  RF  frequency.  The  syn¬ 
chronism  between  MP  electrons  and  RF  field  is  stable  for 
a  wide  range  (20°  -  40°)  of  phase  angle  and  hence  the  MP 
barriers  are  wider  compared  with  that  of  one-point  MP. 


(a)  Eace  =  31  MV/m 


Figure  2:  Two-point  MP  in  a  single-cell  1.3  GHz  TESLA 
cavity.  Note  resonant  trajectories  in  (b). 


Figure  3:  Calculated  peak  magnetic  fields  of  two-point  MP 
(1®*  order)  at  various  frequencies:  200  MHz  [18],  350  MHz 
and  500  MHz  [14],  1300  MHz  [17],  1500  MHz  [19],  3000 
MHz  [20].  Labels  indicate  names  of  the  simulation  code. 

Two-point  MP  has  been  recognized  in  other  /?  =  1  el¬ 
liptical  cavities  for  a  wide  frequency  range  from  200  MHz 
to  3000  GHz  through  numerical  simulations  supported  by 
experimental  evidence  [18]  [14]  [15]  [19]  [20].  Fig.  3 
summarizes  the  peak  magnetic  field  levels  of  the  1®*  or¬ 
der  two-point  MP  at  various  frequencies.  From  Fig.  3, 
the  following  scaling  law  can  be  established  for  the  1®*  or¬ 
der  two-point  MP  in  spherical/elliptical  0  =  1  cavities: 
B[mT]  =  5  +  55  f  [GHz], 

Although  two-point  MP’s  are  ubiquitous,  they  are  not 
expected  to  limit  the  cavity  performance  owing  to  the  fact 
that  the  impact  energy  is  very  close  to  the  first  cross-over 
of  the  secondary  emission  yield  (SEY)  curve,  which  shifts 
up  after  the  surface  is  “cleaned  up”  by  processing. 

MP  SIMULATIONS  FOR  COUPLER 
WAVEGUIDES 

Gradient  performance  of  SRF  cavities  has  been  steadily 
increasing.  SRF  cavities  now  demands  higher  and  higher 
RF  power  to  be  delivered  by  couplers.  Since  the  90s,  MP 
in  RF  couplers  emerges  to  be  an  issue  that  needs  to  dealt 
with  seriously. 

COAX  LINES 

Simulation  studies  of  MP  in  coax  lines  were  attempted 
as  early  as  1968  [21]  with  a  neglected  RF  magnetic  field. 
Results  presented  below  are  mainly  due  to  the  recent  work 
in  [22]  [23]  and  particularly  in  [24]  [25].  The  dominant 
MP  mode  in  a  coax  line  is  one-sided  MP  on  the  surface  of 
the  outer  conductor  as  illustrated  in  Fig.  4.  For  a  narrow 
power  range,  two-sided  MP  across  the  inner  and  outer  con¬ 
ductor  also  exists.  In  SW  mode,  MP  sites  are  fixed  near  the 
maxima  of  the  electric  field.  In  TW  mode,  MP  electrons 
travel  along  with  the  wave.  The  MP  power  levels  obey 
the  following  scaling  law:  P  ~  {fd)‘^Z  (one-sided  MP); 
P  ~  {fd)*Z'^  (two-sided  MP),  where  /  is  frequency,  d  the 
radius  of  the  outer  conductor  and  Z  the  line  impedance. 
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Figure  4:  A  one-sided  MP  (3’’''  order)  in  a  1.3  GHz  50  Q 
coax  line  with  a  standing  wave. 


The  impact  energy  for  one-sided  MP  has  a  nearly  linear 
dependence  on  the  forward  power  and  can  reach  2000  eV 
for  typical  cases. 

MP  in  coax  lines  can  be  suppressed  by  simply  enlarg¬ 
ing  the  gap  between  the  inner  and  outer  conductor  so  that 
a  same  MP  barrier  is  shifted  to  a  higher  power  level.  Or 
it  can  be  suppressed  by  the  so  called  “DC  biasing  method” 
[22]  [25],  which  calls  for  imposing  a  DC  bias  voltage  on 
the  inner  conductor.  Full  MP  suppression  can  be  realized 
with  either  polarity  of  the  bias  voltage.  Full  suppression 
voltage  scales  like  |V{ijas|  fdZ  and  has  a  typical  value 
of  3  kV  for  most  modem  applications.  At  an  intermedi¬ 
ate  negative  bias  voltage,  the  one-sided  MP  on  the  surface 
of  the  outer  conductor  can  be  intensified.  This  effect  is 
sometimes  used  to  process  RF  couplers  before  their  opera¬ 
tions  [26].  It  should  be  pointed  out  that  at  an  intermediate 
positive  bias  voltage,  one-sided  MP  on  the  inner  conductor 
surface  may  occur. 

RECTANGULAR  WAVEGUIDES 

The  dominant  MP  mode  in  a  rectangular  waveguide  is 
two-sided  MP  between  broad  walls  in  the  high  electric  field 
region  [27].  MP  electrons  traverse  the  gap  in  an  odd-integer 
(2N-1,  N  being  the  order  of  MP)  multiples  of  RF  period. 
Most  MP  barriers  encountered  in  modem  rectangular  cou¬ 
pler  waveguides  are  higher  order  MP’s.  Fig.  5  illustrates 
the  trajectory  of  MP  electrons  in  the  mid-plane  of  a  500 
MHz  rectangular  waveguide  with  a  partially  reflected  wave. 
It  is  shown  that  MP  electrons  travel  along  with  the  forward 
wave.  The  impact  energy  is  linearly  dependent  on  the  for¬ 
ward  power  and  can  reach  1000  eV  for  the  typical  case.  Not 
surprisingly,  there  is  some  similarity  between  rectangular 
waveguide  MP  and  parallel  plate  MP.  It  is  justified  that  MP 
power  levels  obey  the  following  scaling  law:  P  ~  (/6)4, 
where  /  is  RF  frequency  and  b  the  narrow  dimension  of  the 
waveguide. 

MP  in  rectangular  waveguide  can  be  suppressed  by 
opening  cut-off  slots  on  broad  walls  and  can  be  suppressed 
by  the  “DC  magnetic  biasing”  method  [28].  The  mag¬ 
netic  biasing  method  asks  for  imposing  a  weak  longitu¬ 
dinal  magnetic  field  (~  20  Guass).  Full  suppression  can 
be  realized  with  either  polarity  of  the  bias  field.  The 
full  suppression  bias  field  for  the  TW  mode  scales  like 
Bbias  ~  'JP/Uoh'^),  where  P  is  the  forward  power,  a  the 


Figure  5:  Two-sided  MP  (5*'‘  order)  in  a  500  MHz  rectan¬ 
gular  waveguide  with  a  partially  reflected  wave.  The  tra¬ 
jectory  starts  from  the  origin. 

wide  dimension  and  b  the  narrow  dimension  of  the  waveg¬ 
uide  [29].  MP  in  rectangular  waveguide  can  be  intensified 
at  an  intermediate  bias  field  due  to  oblique  incidence.  This 
effect  may  be  used  to  process  waveguides. 

CERAMIC  WINDOWS 

A  full  coverage  of  MP  on  a  ceramic  is  out  of  the  scope  of 
this  paper.  However,  this  subject  should  not  be  neglected. 
Simulation  studies  show  that  classical  resonant  MP  occurs 
on  the  single  ceramic  surface  or  between  the  ceramic  sur¬ 
face  and  surrounding  metal  surfaces  [30]  [31].  Recent  the¬ 
oretical  and  numerical  work  by  Kishek  and  Lau  [32]  point 
out  that  due  to  charge  effect,  MP  occurs  on  a  ceramic  sur¬ 
face  in  a  non-resonant  fashion  and  hence  for  a  much  wider 
power  range.  Coating  with  a  low  SEY  material  is  a  remedy. 

ALGORITHMS  FOR  MP  SIMULATIONS 

The  algorithms  of  MP  simulations  are  illustrated  in 
Fig.  6.  For  a  given  geometry,  a  virtual  electron  is  launched 
at  a  known  field  level  from  a  known  surface  location  with 
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respect  to  a  chosen  phase  of  the  RF  field.  The  kinetic  en¬ 
ergy  and  direction  of  the  electron  at  emission  are  also  spec¬ 
ified.  The  trajectory  of  the  virtual  electron  is  tracked  by 
solving  its  equations  of  motion,  which  are  coupled  ODE’s. 
Numerical  integration  are  made  by  various  methods  such  as 
leap-frog  or  Runge-Kutta.  RF  fields  in  the  structure  are  ob¬ 
tained  analytically  or  numerically  (imported  from  an  exter¬ 
nal  field  solver  or  supplied  by  the  MP  code  itself).*  At  each 
integration  step,  judgment  is  made  to  check  if  the  electron 
strikes  a  surface  (this  is  the  major  difference  from  regular 
ray  tracing).  If  the  answer  is  no,  the  integration  goes  on 
to  the  next  step.  If  the  answer  is  yes,  the  impact  location, 
the  velocity  of  the  electron  and  the  phase  angle  of  the  RF 
field  upon  impact  are  registered.  Then  the  virtual  electron 
is  re-emitted  from  the  impact  site  and  its  tracking  is  contin¬ 
ued  until  its  next  impact  with  a  surface,  and  so  on.  After 
a  certain  number  (usually  30  -  50)  of  impacts  have  been 
made,  the  tracking  is  stopped^  and  the  following  calcula¬ 
tion  is  performed, 

N 

(1) 

i 

where  N  is  the  total  number  of  impacts,  i  is  the  index  for 
each  impact,  and  Si  is  the  SEY,  calculated  for  each  impact 
according  to  the  corresponding  kinetic  energy  and  direction 
of  the  electron  upon  impact,  e^v  is  nothing  but  the  impor¬ 
tant  concept  of  enhanced  counter  function,  introduced  in 
[23].  For  a  virtual  electron  that  can  make  N  times  of  im¬ 
pact,  Bn  >0- 

The  above  described  process  is  repeated  for  a  large  set 
of  combined  launching  parameters:  RF  field,  launching  lo¬ 
cation,  phase  angle,  launching  energy  and  launching  angle. 
After  all  the  launching  possibilities  are  exhausted,  MP  sus¬ 
ceptible  zone  is  constructed.  For  each  field  level,  cat’s  of 
all  virtual  electrons  that  can  make  N  impacts  are  summa¬ 
rized  and  then  normalized  to  the  total  number  of  launched 
electrons  for  this  field  level.  MP  is  predicted  for  the  field 
levels  at  which  ejv  >  1  (the  physical  significance  of  this 
criterion  is  apparent). 

Once  a  MP  field  level  is  determined,  the  MP  location(s) 
can  also  be  pin-pointed  by  analyzing  the  impact  locations 
that  have  been  registered.  With  the  MP  field  level  and  loca¬ 
tion  both  determined,  calculations  are  repeated  to  trace  out 
the  trajectory  of  MP  electrons  and  to  find  out  the  time  of 
flight  between  impacts  (the  order  of  MP). 

MP  simulations  in  the  past  are  performed  with  selective 
field  levels  and  locations  for  which  MP  is  already  accu¬ 
rately  observed  by  experiments.  Today,  MP  simulations 
need  to  deal  with  untested  RF  structures,  for  which  MP 
susceptible  field  levels  and  locations  are  not  known.  A 

'For  apparent  reasons,  it  is  essential  to  have  high  quality  numerical 
fields  near  surfaces. 

^Tracking  of  a  virtual  electron  can  be  terminated  before  N  times  of 
impacts  are  made  for  various  reasons.  For  example,  if  the  virtual  electron 
is  re-emitted  in  a  retarding  field,  it  may  be  pulled  back  to  the  surface 
shortly  after  the  emission  and  hit  the  surface  with  a  rather  low  (a  few  eV) 
eneigy.  In  this  case,  tracking  of  this  virtual  electron  should  be  aborted  and 
another  virtual  electron  is  launched.  For  the  aborted  electron,  ejv  =  0. 


systematic  scan  of  field  levels  and  locations  is  required  for 
launching  virtual  electrons. 

SERANDMER 

Most  of  today’s  MP  codes  adopt  the  single  electron 
releasing  (SER)  scheme  in  modeling  secondary  electron 
emission.  This  means  that  there  is  only  one  virtual  electron 
before  and  after  impact  (in  fact,  there  is  only  ONE  virtual 
electron  at  any  instant).  Upon  re-emission,  a  fixed  kinetic 
energy  (typically  2-5  eV)  and  a  fixed  direction  (usually 
normal  to  the  surface)  are  assigned  to  the  virtual  electron. 
Assignment  of  these  quantities  are  sometimes  done  in  a 
random  fashion  according  to  the  velocity  and  angular  dis¬ 
tribution  function  of  secondary  emission. 

Multiple  electron  releasing  (MER)  scheme  was  adopted 
by  Ben-Zvi  et  al.  [9]  in  their  MP  studies  of  a  pill-box  SRF 
cavity  in  1973.  In  this  case,  when  a  virtual  electron  im¬ 
pacts  a  surface  with  sufficient  energy,  multiple  virtual  elec¬ 
trons  (number  determined  by  SEY)  are  re-emitted.  Each 
new  virtual  electron  has  its  own  initial  energy  and  direction 
assigned  by  a  Monte  Carlo  process  which  considers  the  ve¬ 
locity  and  angular  distribution  function  of  secondary  emis¬ 
sion.  Ultimately,  there  is  a  large  number  of  virtual  elec¬ 
trons  being  tracked  simultaneously.  MP  is  predicted  when 
a  threshold  number  of  electrons  is  reached. 

EXTERNAL  AND  INTERNAL  PARAMETERS 

Scanned  launching  parameters  can  be  divided  into  two 
groups:  external  and  internal.  External  parameters  include 
RF  field,  RF  frequency,  and  dimensions  of  the  RF  structure 
(which  determine  launching  locations).  Internal  parame¬ 
ters  include  phase  angle,  emission  energy,  and  emission  di¬ 
rection.  MP  codes  differ  mainly  in  the  way  of  scanning 
internal  parameters.  Some  codes  limit  the  phase  angle  to 
[7r,27r],  which  means  launching  is  allowed  only  in  an  ac¬ 
celerating  field.  In  fact,  electrons  emitted  in  a  retarding 
field  can  also  escape  from  the  surface,  because  of  the  finite 
initial  energy  (2  -  5  eV).  The  importance  of  this  effect  on 
the  bandwidth  of  MP  barriers  is  explicitly  examined  theo¬ 
retically  in  [6]  and  numerically  in  [28].  It  is  emphasized 
here  that  allowing  launching,  and  re-emission,  of  virtual 
electrons  for  the  full  27r  phase  angle  range  is  essential.^ 

CODES  AND  VERIFICATIONS 

There  exist  several  codes  (2D  and  3D)  for  MP  simula¬ 
tion  (see  Krawczyk  [16]).  When  analytical  RF  fields  are 
not  available,  an  EM  field  solver  is  needed.  Some  codes 
use  external  field  solvers  such  as  MAFIA,  OSCAR2D,  SU¬ 
PERFISH  and  SuperLANS  and  some  use  integrated  inter¬ 
nal  solvers.  Although  most  codes  are  not  distributed,  some 
codes  are  available  for  interested  users  [33]  [34]. 

^Of  course  the  electron  will  be  pulled  back  to  the  surface  if  it  ex¬ 
periences  an  extended  period  of  deceleration.  Such  an  electron  will  be 
aborted. 
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Verifieations  of  code  predictions  have  been  brought 
about  by  recent  experiments.  There  exists  good  agreement 
for  two-point  MP  in  elliptical  P  =  I  SRF  cavities  [17]  [18] 
and  low  /?  cavities  [35]  when  a  pessimistic  SEY  is  used. 
Simulation  results  on  an  array  of  low  13  cavities  are  consis¬ 
tent  with  test  results  [36].  However,  some  experimentally 
observed  MP  barriers  can  not  be  predicted,  even  by  using 
an  exaggerating  SEY  [35]  [18]. 

Predictions  on  MP  in  coupler  waveguides  agree  quali¬ 
tatively  with  experiments.  A  better  agreement  is  evident 
for  a  fresh  waveguide  than  for  a  “processed”  waveguide. 
[37]  [38].  Measured  MP  bands  are  usually  continuous,  in 
contrast  to  well  separated  bands  predicted  by  simulations. 
During  recent  measurements  of  RF  couplers  for  SNS,  only 
2  harmless  MP  barriers  were  observed,  despite  7  barriers 
being  predicted  by  simulations  [39]. 

RECOMMENDATIONS 

Major  reasons  causing  discrepancies  between  simulation 
predictions  and  measurement  results  are  listed  below, 

•  Lack  of  SEY  data  of  actual  surfaces  (at  RT  and  low 
temperatures)  for  impact  energy  range  of  20  -60  eV. 

•  Tmncated  internal  parameters.  For  example:  forbid¬ 
den  emission  in  a  retarding  field. 

•  Negligence  of  angular  and  velocity  distribution  of  sec¬ 
ondary  emssion. 

•  Negligence  of  MP  dispersing  effect  such  as  space 
charge  effect. 

Corresponding  recommendations  for  improving  MP 
simulations  are  listed  below, 

•  Need  help  from  surface  scientists  to  provide  realistic 
SEY  data  for  impact  energy  range  of  20  -60  eV. 

•  Allow  re-emission  for  27r  phase  angle. 

•  Implement  the  angular  and  velocity  distribution  of 
secondary  emission  through  a  Monte  Carlo  process. 
An  MER  algorithm  is  a  good  candidate. 

•  Include  space  charge  effect  -  may  eventually  ask  for 
PIC  simulations. 

•  Develop  advanced  3D  codes  for  MP  simulations  of 
complicated  RF  stuctures,  like  low  0  resonators. 

CONCLUSION 

Numerical  simulations  have  played  a  critical  role  in  un¬ 
derstanding  and  suppression  of  MP  in  SRF  cavities  and  RF 
coupler  waveguides.  MP  simulation  algorithms  have  ad¬ 
vanced  in  the  past  decade  and  a  comprehensive  MP  survey 
of  RF  structures  is  now  possible.  Simulation  predictions 
are  well  supported  by  experiments  in  most  cases.  Reasons 
for  the  remaining  discrepancies  are  identified.  It  is  nec¬ 
essary  to  implement  internal  parameters  like  angular  and 
velocity  distributions  of  secondary  emission  and  to  imple¬ 
ment  space  charge  effect.  This  might  be  best  achieved  by 
using  an  MER  algorithm. 
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CASCADE  -  AN  ADVANCED  COMPUTATIONAL  TOOL  FOR 
WAVEGUIDE  COMPONENTS  AND  WINDOW  DESIGN 

L.  Ives,  J.  Neilson,  W.  Vogler,  Calabazas  Creek  Research,  Inc.,  Saratoga,  USA 


Abstract 

CASCADE  is  an  advanced  design  program  for  2-port 
waveguide  components,  RF  windows,  and  waveguide 
systems.  It  provides  rapid  and  user-friendly  analysis  of 
waveguide  components  such  as  filters,  nonlinear  tapers, 
mode  converters,  microwave  cavities,  and  RF  windows.  It 
calculates  scattering  parameters  (transmission/refiection 
coefficients)  for  general  waveguide  structures  composed 
of  cylindrical,  rectangular,  or  coaxial  waveguides. 
Transistions  between  waveguide  types  are  also  allowed. 
The  program  includes  dielectric  properties  of  ceramic  and 
finite  conductivity  of  metal  surfaces.  A  built-in  optimizer 
dramatically  reduces  design  time,  and  the  program  can 
import  scattering  matrices  from  other  program,  such  as 
HFSS  or  measured  data,  for  total  system  scattering  matrix 
analysis.  Statistical  tolerance  analsysis  provides 
information  for  reducing  manufacturing  costs  by 
identifying  the  impact  of  dimensional  tolerances  on 
performance.  The  basic  theory  is  described,  and  a  number 
of  examples  are  presented. 

INTRODUCTION 

In  order  to  transfer  RF  power  from  sources,  such  as 
klystrons  or  magnetrons,  the  power  must  pass  through  a 
series  of  components.  Typically,  the  power  passes  through 
the  vacuum  window  at  the  source  and  enters  a  waveguide. 
Between  the  source  and  the  final  destination,  it  may  pass 
through  transitions,  bends,  filters,  mode  converters  or 
other  structures  required  by  the  installation  or  the  final 
load.  These  components  must  be  designed  such  that  the 
power  is  transmitted  or  converted  efficiently  without 
reflecting  significant  power  back  toward  the  source  or 
converting  it  to  parasitic  modes  or  unusable  RF  or  thermal 
power.  CASCADE  is  an  advanced  program  for  designing 
such  components  or  systems. 

A  key  parameter  in  the  design  of  any  waveguide  system  is 
cost.  First,  the  engineering  time  to  design  waveguide 
systems  depends  on  the  performance  requirements  and  the 
device  specifications,  such  as  power  level,  bandwidth, 
loss/efficiency,  reliability,  and  duty.  Once  the 
performance  requirements  are  achieved,  the  engineer  must 
consider  production  cost  to  manufacture  and  assemble  the 
system.  In  many  cases,  hundreds  of  components  must  be 
built  for  large  installations.  The  unit  cost  is  an  important 
consideration  for  the  total  system  cost.  CASCADE  is  a 
highly  efficient  and  accurate  tool  for  designing  individual 
components  or  large  systems  consisting  of  a  series  of 
components.  The  program  is  very  user-friendly  and 
executes  very  rapidly  on  standard  personal  computers. 
Because  of  its  rapid  execution,  it  becomes  possible  to 


implement  automated  optimization  routines  that  can 
iterate  geometrical  parameters  to  achieve  performance 
goals  specified  by  the  user.  Thus,  the  computer  can  design 
the  component  or  system  with  little  interaction  by  the 
user,  once  the  optimization  process  is  initiated.  This 
results  in  a  dramatic  reduction  in  engineering  time  with 
achievement  of  performance  goals  not  practical  with 
manual  execution. 

The  statistical  tolerancing  feature  in  CASCADE  allows 
the  engineer  to  determine  the  impact  of  dimensional 
tolerances  on  device  performance.  Tolerances  can  then  be 
relaxed  as  much  as  possible  while  still  achieving 
performance  goals,  significantly  reducing  machining 
costs,  particularly  for  large  quantity  systems. 

CASCADE  is  designed  to  model  2-port  devices  consisting 
of  combinations  of  rectangular,  cylindrical,  or  coaxial 
structures.  The  program  can  model  dielectric  materials 
and  include  the  effects  of  finite  conductivity.  It  can 
include  the  impact  of  3D  stmctures  by  importing 
calculated  or  measured  scattering  parameters.  This  allows 
performance  optimization  of  complex  waveguide  systems. 

THEORY  OF  OPERATION 

Calculation  of  the  scattering  matrices  in  CASCADE  is 
implemented  by  the  mode-matching  technique.  Details  of 
the  derivation  can  be  found  in  numerous  papers[l-3],  so 
only  a  brief  outline  of  the  development  is  presented  here. 
The  field  in  each  waveguide  section  is  represented  by  the 
expansion  of  the  electric  and  magnetic  eigenmodes 

a  and  hi  respectively: 

E  =  Y,(fi  +  bi)  ei,H  =  hi 

i  i  Zi 

where  /  is  the  modal  amplitude  of  the  forward  wave,  b  is 
the  amplitude  of  the  backward  wave  and  Z  is  the 
characteristic  impedance.  Applying  continuity  of 
tangential  E  and  H  across  the  common  aperture  area  of  the 
waveguides  and  enforcing  zero  tangentid  electric  field  on 
the  wall  of  the  larger  guide  yields  the  scattering  matrices: 

Sn=[I+  Z^P%Pp  [/  -  Z,P%P] 

S,,=2[I  +  Z,P%P]-^Z,P% 

S2i=2[I  +  PZ^P^Y^T^P 

= -[/ + pz,p%r'[i  -z,p%p] 
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The  coupling  matrix  P  is  defined  as 

CA 

where  the  integration  is  performed  over  the  eommon 
aperture  area  between  the  guides.  The  complete  system 
scattering  matrix  is  obtained  by  cascading[3]  the 
scattering  matrices  of  each  section. 

PROGRAM  OPERATION 

CASCADE  includes  a  user-friendly,  intuitive  interface 
for  geometrical  input  and  specification  of  execution 
parameters.  Each  geometrical  section  is  described  by 
completing  a  GUI  screen  determined  by  the  type  of 
section.  Figure  1  shows  the  input  screen  for  a  rectangular 
waveguide  section. 

The  GUI  allows  input  of  the  relevant  geometry,  the 
internal  medium  (vacuum,  ceramic,  etc.)  and  the  wall 
conductivity.  The  waveguide  system  geometry  is 
sequentially  generated  using  a  series  of  input  screens  for 
various  waveguide  types. 

Several  types  of  analysis  are  supported.  These  include: 

•  scattering  matrix  —  used  for  determining 
transmission  or  reflection  characteristics, 

•  resonant  frequency  calculation  -  determines 
frequency  and  Q  of  non-reentrant  cavities, 

•  determinant  sweep  -  searches  structure  for 
potential  trapped  of  parasitic  modes. 

GUI  screens  are  provided  for  determining  the  type  of 
analysis,  accuracy  of  the  calculation,  and  frequency  range 
of  interest.  Execution  of  a  single  simulation  typically 
takes  only  a  few  seconds. 
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Figure  1.  Input  screen  for  rectangular  waveguide  section 


To  facilitate  rapid  component  and  system  design, 
CASCADE  includes  three  optimization  algorithms.  These 
are: 

•  Quasi-Newton 

•  Non-Smooth 

•  Least  Squares 

To  perform  an  optimization  analysis,  the  user  specifies 
which  geometrical  parameters  can  be  varied  and  the 
allowable  variation.  The  user  selects  the  optimization 
algorithm  and  the  performance  criteria.  Once  optimization 
is  initiated,  the  program  searches  the  available  parameter 
space  for  the  optimum  solution  until  it  is  found  or  the 
maximum  number  or  iterations  is  achieved.  In  this  way, 
significantly  more  parameter  space  can  be  investigated 
much  faster  than  practical  with  manual  operation. 

Once  an  acceptable  performance  is  achieved,  the  user  can 
determine  the  impact  of  dimensional  tolerances  on  the 
performance.  The  user  adds  tolerance  values  to  critical 
dimensions  and  specifies  the  number  of  cases  to  be 
investigated,  typically  500-1000.  The  program  then 
sequentially  executes  analysis  of  the  geometry  while 
varying  the  critical  dimensions  within  the  tolerance  ranges 
specified.  When,  concluded,  the  program  displays  a 
histogram  showing  the  number  of  cases  falling  within 
various  performance  ranges  (Fig.  2). 

120  f  '  '  ^  ] 


VSWR 


Figure  2.  Histographic  display  of  tolerance  analysis 
results 

There  are  many  systems,  however,  where  complex  3D 
waveguide  components  exist  for  which  analysis  by 
CASCADE  is  not  applicable.  In  these  cases,  the  complex 
3D  component  can  be  modeled  using  other  computer 
programs,  such  as  MAFIA  or  HFSS.  The  scattering 
matrix  for  these  components  can  by  used  as  input  to 
CASCADE  to  design  the  total  system. 

An  example  is  the  input  cavity  for  a  gyroklystron  and 
consists  of  a  rectangular  waveguide  wrapped  around  a 
cylindrical  cavity.  Power  is  coupled  in  using  rectangular 
slots  cut  between  the  waveguide  and  the  inner  cylindrical 
cavity.  The  geometry  is  shown  in  Figure  3.  Two  scattering 
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matrix  files  are  required  from  HFSS.  One  is  generated 
with  multiple  frequency  points  across  the  band  of 
operation.  This  will  allow  plotting  of  SI  1  across  the 
frequency  range  of  interest.  Since  coupling  to  the  cavity  is 
optimized  at  the  center  frequency  of  the  cavity  (45.7 
GHz),  another  scattering  matrix  file  is  required  from 
HFSS  that  ineludes  only  the  scattering  parameters  at  the 
center  frequency. 


result,  shown  in  Figure  5,  required  several  minutes  of 
computer  time  to  obtain. 


Figure  5.  Final  performance  of  gyroklystron  coupler 


The  matching  section  consists  of  three  rectangular 
waveguide  sections  serving  as  input  to  the  external 
scattering  matrix  file.  The  first  section  represents  a 
standard  rectangular  waveguide.  The  second  section 
represents  an  iris  to  provide  the  matching  element.  The 
width  of  this  section  .and  third  section  are  set  to  match  the 
width  dimension  of  the  input  cavity.  The  height  of  the  iris 
and  the  distance  from  the  input  cavity  were  initially 
obtained  from  rough,  analytical  calculations.  The 
resulting  performance  is  shown  in  Figure  4.  Note  that  the 
match  is  higher  than  the  operating  frequency  of  the  cavity. 


CASCADE  provides  a  variety  of  output  plots,  including 
scattering  parameters,  VSWR,  mode  sweeps,  and  Smith 
Charts.  In  addition,  a  number  of  tabular  outputs  are 
available.  Custom  plots  and  data  can  be  displayed  by  post 
processing  the  output  binary  data  file. 
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Figure  4.  Initial  performance  of  gyroklystron  input 
coupler 


The  optimizer  was  then  used  to  modify  the  geometry  to 
shift  the  match  to  the  center  frequency  of  the  circuit.  The 
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Abstract 

Unified  Accelerator  Libraries  (UAL[1])  software  has 
been  introduced  as  an  open  accelerator  simulation  envi¬ 
ronment  providing  support  for  many-to-many  associations 
between  diverse  accelerator  algorithms  and  diverse  accel¬ 
erator  applications.  Recently,  UAL  has  been  successfully 
applied  to  the  development  and  study  of  the  SNS  Ring  re¬ 
alistic  beam  dynamics  modelincluding  a  complex  combi¬ 
nation  of  several  physical  effects  and  dynamic  processes 
(such  as  injection  painting,  field  errors,  space  charge  ef¬ 
fects,  impedances,  fringe  fields,  misalignments,  etc.).  The 
SNS  and  previous  applications  have  confirmed  the  major 
UAL  conceptual  solutions  and  have  encouraged  us  to  trans¬ 
form  this  software  into  an  Open  Source  project[2].  The 
major  efforts  have  been  releasing  documentation  and  con¬ 
solidation  of  UAL  modules  based  on  the  Accelerator  Prop¬ 
agator  Framework  (APF).  At  this  time,  the  documentation 
encompasses  User  Guide,  API  specification  of  C++  classes, 
Perl  User  interface,  and  a  collection  of  feature-illustrating 
examples.  Also  APF  has  been  implemented  to  enhance  the 
UAL  infrastracture  by  providing  a  uniform  mechanism  for 
development  and  integration  of  accelerator  algorithms.  The 
key  part  of  this  approach  is  the  Accelerator  Propagator  De¬ 
scription  Format  (APDF)  that  provides  physicists  a  mech¬ 
anism  for  switching  among  simulation  models  within  their 
applications. 

SNS  RING  APPLICATION 

The  need  to  reduce  beam  losses  to  parts  per  ten  thou¬ 
sand  in  the  SNS  high  intensity  proton  accelerator  com¬ 
plex  have  introduced  a  new  level  of  requirements  and  ex¬ 
pectations  for  beam  dynamics  studies.  Realistic  predic¬ 
tions  at  this  level  of  precision  demand  a  close  reproduc¬ 
tion  of  a  complex  combination  of  effects  and  dynamic  pro¬ 
cesses  in  the  accelerator  simulation  model.  To  address 
these  tasks,  the  SNS  Ring  Accelerator  Physics  Group  de¬ 
veloped  the  SNS  Ring  package  based  on  the  UAL  simula¬ 
tion  environment[3].  Topics  to  which  the  package  has  been 
applied  include[4][5]: 

•  optimization  of  injection  painting  schemes; 

•  nonlinear  effects  arising  from  kinematics  terms,  mag¬ 
net  imperfections,  and  fringe  fields; 

•  dynamic  aperture  and  diffusion  map  studies; 

•  effect  of  space  charge  during  transverse  painting; 

•  tune  spreads  from  space  charge,  chromaticity,  and 
other  nonlinearity  in  combination; 


•  intensity  limitation  and  choice  of  working  point  dic¬ 
tated  by  imperfection  resonance  crossing  in  the  pres¬ 
ence  of  space  charge; 

•  half-integer  coherent  resonance  crossing; 

•  collective  instability  due  to  transverse  coupling 
impedance; 

•  halo  development  and  beam  loss  modeling. 

These  intensive  studies  required  the  deployment  of  the 
UAL  software  on  parallel  clusters.  The  original  architec¬ 
ture  was  comfortably  fitted  to  the  Message-Passing  Inter¬ 
face  (MPI)  parallel  environment  without  any  changes  of  ex¬ 
isting  modules.  Then  the  time  consuming  algorithms  were 
implemented  as  extensions  (C++  shared  libraries)  and  com¬ 
bined  with  other  sequential  and  parallel  components. 

ACCELERATOR  PROPAGATOR 
FRAMEWORK 

The  extensibility  of  the  UAL  environment  is  provided  by 
its  main  architectural  principle:  separation  of  propagators 
from  accelerator  elements.  This  approach  enables  one  to 
apply  a  variety  of  different  simulation  modules  to  the  same 
accelerator  lattice.  Having  initially  rejected  any  implicit 
linkage  between  algorithm  and  element,  the  Accelerator 
Propagator  Framework  defines  a  mechanism  for  connect¬ 
ing  accelerator  elements  with  propagators  tailored  to  each 
particular  simulation  model.  In  order  to  describe  the  struc¬ 
ture  of  the  simulation  model,  we  have  introduced  the  Ac¬ 
celerator  Propagator  Description  Format  (APDF).  One  can 
consider  the  APDF  file  to  be  a  complement  to  the  MAD 
lattice  file.  Its  stracture  and  relationship  to  elements  and 
algorithms  are  indicated  in  Fig.  1 . 

Just  as  the  initial  lattice  description  unwinds  into  a  (long) 
ordered  list  of  all  elements  in  the  lattice,  the  propagator 
builder  associates  an  appropriate  propagator  with  every  el¬ 
ement  in  this  list.  But,  as  Fig.l  indicates,  default  associ¬ 
ations  permit  the  APDF  file  to  be  quite  brief.  Some  of 
the  possible  algorithms  are  indicated  in  the  figure.  “Mlt- 
Tracker  and  “DriftTracker”  implement  pure,  element- 
by-element,  kick  tracking,  for  example  through  elements 
qdl  and  “sdl”,  by  virtue  of  their  element  type  being  ei¬ 
ther  “quadrapole”  or  “sextupole”.  “SectorTraekei^’  imple¬ 
ments  concatenated,  matrix  or  nonlinear  mapping,  for  ex¬ 
ample  from  just  before  element  “dl”  to  just  before  element 
“qfl”.  Tracking  algorithm  can  also  be  associated  with  ele¬ 
ment  based  on  the  element  name;  for  example  the  “BPM” 
algorithm  is  associated  with  element  “bpml”  in  Fig.l.  This 
facilitates  special  processing  at  particular  elements.  Like 
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Catalog  of  Algorithms 
SectorTracker 

DriftTracker 


MltTracker  - 

BPM 

Collimator 


APDFfile 


<link  algorithfasI^SectorTracker”  sector="dl,qfr'^ 
"^link-algoriihtn^^riftTracker''  types="Default’7> 

<Iink  algorithm="MltTracker''  types=''Quadrupolel§extupo^ 
<Iink  algorithm="BPM"  elements=”bpml 

</create> 

</propagator> 

</apdf> 


RfCavityTracker 


Accelerator  Propagator 


Accelerator 

MAD/ADXF 


Figure  1 :  Figure  illustrating  the  APDF-defined  linkage  between  accelerator  elements  (or  sectors)  on  the  right  to  propaga¬ 
tion  elements  on  the  left. 


the  MAD  format,  APDF  addresses  a  spectmm  of  appli¬ 
cations  ranging  from  small  special  tasks  to  full-scale,  re¬ 
alistic  model  encompassing  heterogeneous  algorithms  and 
special  effects.  Some  possible  modeling  scenarios  are  in¬ 
dicated  in  Table  1,  which  is  intended  to  be  self-explanatory. 
Many  of  these  scenarios  have  been  applied  within  UAL  in 
the  past,  but  only  as  dedicated  applications.  The  APDF 
provides  these  capabilities  without  any  additional  program¬ 
ming  complication.  Examples  have  been: 


1  Longitudinal  beam  dynamics 

2  Linear  lattice  functions 

3  Fast  tracking  witb  chrom¬ 
atic  effects  (Fast  Teapot) 

4  Instumentation  modeling, 

e.g.  beam  transfer 
function 

5  Dynamic  aperture,  halo,  IR 
background  investigation 

6  Special  localized  effect, 
beam-beam,  impedance,  ions 

7  Near-symplectic  large 
amplitude  modeling 

8  Full-scale  * ‘realistic* ' 


2D  matrices  +  RF  tracker 
4D  matrices 

6D  matrices  with  chromatic 
extensions  selected 
quad,  sext,  RF  trackers 
#3  +  propagators  for  active 
diagnostic  devices, 
such  as  AC  dipole 
element-type  associations 

#3  or  #5  +  propagator  for 
special  effect 
octupole  imperfection  maps, 
plus  kick  tracking 
all  of  the  above 


UAL  ARCHITECTURE 

The  organization  of  the  UAL  components  is  indicated 
schematically  in  Fig.  2 

At  this  time,  the  APF-based  modules  included  in  UAL 
are: 

•  ZLIB:  numerical  library  for  differential  algebra[6] 


Figure  2:  UAL  architecture.  The  figure  represents  depen¬ 
dency  metaphorically,  by  gravity;  codes  appearing  higher 
up  are  supported  by  (that  is,  use)  codes  further  down.  The 
upper  levels  of  the  figure  indicate  control  via  scripting  lan¬ 
guage  (PERL). 


•  PAC:  Platform  for  Accelerator  Codes[7] 

•  TEAPOT:  Thin  Element  Program  for  Optics  and 
Tracking[8] 

•  ACCSIM  :  Accelerator  Simulation  Code[9] 

•  TIBETAN  :  longitudinal  phase  space  tracking 
program[10] 

Modules  that  are  partially  supported  and  are  under  active 
development  are 

•  SPINK:  tracking  code  for  polarized  particles  in  a  cir¬ 
cular  accelerator[ll] 
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•  ICE:  Incoherent  and  Coherent  Effects[12] 

•  AIM:  Accelerator  Instrumentation  Module 

The  Application  Programming  Interface  (API),  written  in 
Perl,  provides  a  universal  shell  for  integrating  and  manag¬ 
ing  all  project  extensions.  Consolidation  of  C++  interfaces 
has  also  created  a  basis  for  supporting  Swig-based  inter¬ 
faces  to  other  script  languages  (e.g.  Python). 

POST  PROCESSING  APPLICATIONS 

Another  potential  benefit  of  an  environment  such  as 
UAL  is  the  feasability  and  economy  of  “infrastruc¬ 
ture  (shared  resources)  such  as  postprocessors,  plot- 
ting/histogramming/fitting  for  visualization,  input  and  out¬ 
put  translation,  and  parallel  processing. 

One  example  of  this  sort  has  been  preliminary  in¬ 
tegration  of  the  UAL  environment  with  the  ROOT 
environment[13].  ROOT  is  an  open  source  project  that  has 
been  used  for  many  years  by  high  energy  nuclear  and  par¬ 
ticle  physics  experiments  for  data  and  simulation  analysis. 
It  consists  of  a  C/C++  interpreter  CINT  and  a  large  number 
of  C++  classes  implementing  fitting,  graphing,  GUI,  math¬ 
ematics  and  various  programming  functions.  A  C/C++  in- 
terpeter  offers  an  alternative  approach  to  traditional  script¬ 
ing  languages,  such  as  PERL  or  PYTHON,  and  allows 
physicists  and  developers  to  use  a  single  programming  lan¬ 
guage  for  an  entire  project.  This  environment  is  espe¬ 
cially  appropriate  for  detector  background  investigations 
conducted  jointly  by  detector  shielding  groups  and  accel¬ 
erator  physicists  because  ROOT  is  so  well  established  in 
the  particle  physics  sector.  In  one  such  investigation  a  pro¬ 
posed  RHIC  collimator  setup  was  investigated  by  process¬ 
ing  UAL  tracking  results  with  the  ROOT  toolkit.  The  re¬ 
sulting  particle  flux  distributions  can  then  be  passed  to  ex¬ 
perimental  physicists  for  their  simulation  of  detector  back¬ 
ground. 

Another  post  processing  example  involved  the  investi¬ 
gation  of  Model  Independent  Analysis  (MIA[14]),  starting 
from  the  following  (complete)  APDF  file: 

<apdf> 

<propagator> 

<link  algorithm=" TEAPOT: : Drift Tracker" 
types=  "Default"  /> 

<link  algorithm=" TEAPOT: :DipoleTr acker" 
types="SBend"  /> 

<link  algorithm="TEAPOT: :MltTracker" 

types="Quadrupole I Sextupole I  Multipole  I 
[VH] kicker  I  Kicker"  /> 

<liiik  algoritha="TIBETAN:  :RfCavityTracker" 
types="RfCavity"  /> 

<link  algorithni="MIA:  :BPM" 

types="Monitor"  /> 

</prbpagator> 

</apdf> 

To  simulate  MIA,  multitum  output  from  T  turns  at  each 
of  B  BPM’s  was  recorded  and  the  resulting  TxB  matrix 


was  subsequently  subjected  to  singular  value  decomposi¬ 
tion  analysis  to  extract  the  fundamental  modes  of  the  accel¬ 
erator.  When  the  lattice  Twiss  functions  were  reconstracted 
from  the  extracted  phases  at  every  BPM  they  were  in  ex¬ 
cellent  agreement  with  the  lattice  functions  determined  di¬ 
rectly  from  the  original  lattice  model. 

Another  post  processing  approach  is  to  launch  a  graph¬ 
ing  program  from  within  the  UAL  PERL  script.  For  non¬ 
linear  analysis  a  by-now  standard  approach  is  to  subject 
tum-by-tum  data  to  FFT  analysis,  to  extract  the  tunes  by 
peak  location  and  then  to  identify  accelerator  resonances  as 
sum  or  difference  frequencies.  The  program  GRACE[15] 
makes  ail  these  capabilities  available  and  provides  graphi¬ 
cal  output  either  file  driven  or  via  pipe.  Zooming,  panning, 
labeling  and  other  prettification  and  output  of  the  graphs 
can  then  be  performed,  completely  independent  of  UAL, 
using  routine  GRACE  capabilities.  Phase  space  plots  nor¬ 
malized  by  calculated  Twiss  parameters  can  be  produced 
similarly. 
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Abstract 

In  experiments  exploring  the  dynamics  of  intense 
beams  for  Heavy  Ion  Fusion,  detailed  2D  projections  of 
the  beam’s  4D  transverse  particle  distribution  function 
f{x,y,x'  =  Px/Pz,y'  =  PylPz)  are  obtained  at  a  se¬ 
quence  of  stations,  using  moving  slits  and  Faraday  cups. 
These  projeetions  do  not  uniquely  specify  the  4D  distribu¬ 
tion,  so  we  use  maximum-entropy  Monte-Carlo  teehniques 
to  eomplete  the  specification  and  tomographically  “synthe¬ 
size”  an  approximation  to  f.  Our  initial  studies  used  simu¬ 
lated  beam  data  from  a  self-consistent  2D  simulation  of  the 
High  Current  Experiment  (HCX)  [1]  at  LBNL.  Runs  ini¬ 
tiated  using  a  simple  “semi-Gaussian”  model  distribution 
failed  to  exhibit  an  emittance  evolution  similar  to  that  of  the 
reference  ease.  Initial  distributions  synthesized  from  the 
(simulated)  slit  scan  data  yielded  much  better  agreement. 
We  have  begun  to  launch  simulations  of  HCX  with  ini¬ 
tial  conditions  synthesized  from  slit-scan  diagnostics.  We 
present  here  the  teehniques,  initial  simulation  results,  ini¬ 
tial  analysis  of  new  “optical  slit”  data  yielding  projections 
such  as  f{x,  y,x'),  and  future  plans. 

SYNTHESIS  OF  4D  DISTRIBUTION 
FROM  2D  PROJECTIONS 

We  have  developed  algorithms  which  reproduce,  in  the 
limit  of  many  particles  and  fine  data  grids,  the  measured 
distribution  in  the  {x,x')  plane  and  the  {y,y')  plane,  as 
well  as  the  data  from  {x,y)  when  it  is  available  [2].  The 
three-plane  method  we  have  used  the  most  begins  by  as¬ 
signing  target  “eounts”  N{x,  y)  of  the  numbers  of  parti¬ 
cles  to  be  loaded  into  each  spatial  “bin”  (area  element), 
proportional  to  the  measured  /  in  the  bin.  The  sum  of 
the  N's  is  equal  to  the  desired  total  number  of  simulation 
particles;  the  use  of  bins  reduces  statistical  noise  relative 
to  random  spatial  loading  following  a  probability  distribu¬ 
tion.  We  may  use  a  sampling  region  which  fills  the  en¬ 
tire  4-box  bounded  by  the  extremes  of  the  measured  data, 
or,  optionally,  one  with  “rounded  comers”  in  the  unmea¬ 
sured  planes.  In  the  latter  ease,  it  is  neeessary  to  compute 
a  corrected  probability  f*(x,x')  by  dividing  the  original 
f{x,  x')  by  the  area  in  {y,  y')  of  the  sampling  region  at  that 
(x,x').  Similarly,  we  compute /*(?/,  2/').  The  following 
steps  are  repeated  until  all  “bin  counts”  have  been  decre¬ 
mented  to  zero:  (1)  Generate  a  random  point  {xi,yi,x\,yt) 

*  Work  performed  under  the  auspices  of  the  U.S.  DoE  by  the  Uni¬ 
versity  of  California,  Lawrence  Livermore  and  Lawrence  Berkeley  Na¬ 
tional  Laboratories  under  Contract  Nos.  W-7405-Eng-48  and  DE-AC03- 
76SF00098. 

t  af@llnl.gov 


in  the  4-box;  (2)  Accept  the  point  as  the  coordinates  of  a 
particle  only  if  it  falls  within  the  sampling  region,  the  bin 
count  N{xi,yi)  >  0,  f*{xi,x^)  >  Random(0, 1),  and 
f*{Viiy'd  >  Random(0, 1);  (3)  If  the  point  is  accepted, 
deerement  N{xi,  yt).  Because  the  tomography  problem  is 
underdetermined,  the  sampling  region  is  almost  arbitrary 
and  must  be  specified  empirically.  We  have  generally  em¬ 
ployed  one  [2]  which  consists  of  the  intersection  of  the  in¬ 
teriors  of  a  4-ellipsoid  and  four  4-cylinders,  all  with  semi¬ 
axes  of  order  the  extent  of  the  data  along  the  principal  axes. 
As  is  noted  below,  in  our  case  it  may  be  better  to  omit  or 
modify  the  sampling-region  constraint. 

SIMULATION  USING  MODEL  DATA 
FROM  A  REFERENCE  SIMULATION 

In  order  to  to  assess  the  potential  utility  of  launehing 
sinulations  using  experimental  data,  we  began  with  a  self- 
consistent  “transverse  slice”  WARP  [3]  simulation  of  HCX 
beginning  at  the  source,  for  which  the  true  4D  distribu¬ 
tion  was  known.  Input  to  the  syntheses  consisted  of  pro- 
jectional  phase-space  densities  (obtained  by  nearest-grid- 
point  weighting  of  the  simulated  particles  from  the  refer¬ 
ence  run  at  the  entrance  to  the  HCX  transport  line)  in  the 
(x,  x')  and  (y,  y')  planes,  and,  for  the  3-plane  synthesis, 
the  {x,  y)  plane.  Projections  of  the  input  distribution  are 
shown  in  Fig.  1 .  Some  results  of  one  such  synthesis  are 
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Figure  1 :  Projections  of  sampled  particles  onto  principal 
planes  at  injector  exit,  for  the  reference  simulation. 

shown  in  Fig.  2;  here  the  input  planes  {x,x')  and  {y,y') 
are  not  shown  because  they  are  faithfully  reproduced,  by 
design.  Note  that  the  synthesis  fails  to  recreate  the  stmc- 
tures  in  the  [x,  y')  and  (y,  x')  planes. 
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Figure  2:  Projections  of  sampled  particles  onto  principal 
planes  at  injector  exit  for  3-plane  synthesized  distribution. 


Fig.  3  compares  the  emittance  evolution  in  mns  with  var¬ 
ious  initial  particle  distributions  [4];  all  begin  at  the  injector 
exit  (2:  =  -3.11m). 
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Figure  3:  Simulation  results:  evolution  of  (x,  x')  emittance 
for  self-consistent,  2-plane  reconstruction,  3-plane  recon- 
stmction,  and  semi-Gaussian  beams. 


Figure  4:  (a;,  x'),  (y,  y')  and  {x,  y)  views  of  beam  at  up¬ 
stream  station  QDl  of  HCX  electrostatic  transport  line. 
White  dots  in  first  two  views  denote  actual  data  points. 


downstream  station  “D-end”  and  the  corresponding  simu¬ 
lation  results.  While  the  beam  dimensions  and  some  im¬ 
portant  features  such  as  the  “hollowing”  in  the  spatial  den¬ 
sity  show  rough  agreement,  and  the  absence  of  some  fea¬ 
tures  in  the  simulated  beam  can  be  explained  by  the  fact 
that  it  was  loaded  in  the  center  of  the  pipe  while  the  ex¬ 
perimental  beam  had  shifted  off-center,  the  agreement  be¬ 
tween  the  simulated  and  measured  beams  is  far  from  ideal. 
We  conjectured  that  correlations  in  unmeasured  planes,  e.g. 
(2/.  a;').  were  not  being  captured  by  the  synthesis  process. 
This  gave  increased  impetus  to  the  development  of  the  new 
diagnostic  capabilities  described  below  and  in  [6]. 


SIMULATION  USING  INITIAL  DATA 
FROM  HIGH  CURRENT  EXPERIMENT 

Encouraged  by  the  above  results,  we  synthesized  an  ini¬ 
tial  particle  distribution  for  the  HCX  using  2-plane  ini¬ 
tially,  and  then  3-plane  data.  Our  original  attempt  at  fold¬ 
ing  in  spatial  density  information  employed  time-integrated 
data  from  kapton  film;  we  soon  discovered  that  the  time- 
integrated  distribution  is  significantly  “smeared”  due  to 
variations  in  the  beam  properties  over  the  pulse  duration. 
Here  we  show  results  based  on  a  single  time-slice  near 
mid-pulse,  using  crossed-slit  measurements.  The  vertical- 
moving  slit  was  downstream,  so  to  obtain  a  consistent  den¬ 
sity  at  the  position  of  the  forward  slit,  the  y  coordinate 
was  rescaled”  using  the  mean  envelope  expansion  derived 
from  the  parallel-slit  data.  These  data  are  shown  in  Fig.  4. 
Using  the  initial  particle  set  so  generated,  we  ran  a  WARP 
simulation  through  the  (2.22  m,  10  quad)  transport  line; 
see  also  [5].  In  Fig.  5  we  show  the  measured  beam  at  the 


Figure  5:  Top  row:  beam  at  downstream  station  D-end; 
bottom  row:  simulation  result  (same  views). 


ANALYSIS  OF  3D  “OPTICAL  SLIT”  DATA 

We  have  started  analyzing  data  from  “optical  slit”  scans 
(two  views,  with  slits  moving  in  a;  and  y  respectively),  re¬ 
cently  carried  out  at  the  D-end  station  (2.22-m)  of  HCX. 
The  apparatus  is  shown  schematically  in  Fig.  6.  We 
now  describe  the  post-processing  steps  which  are  aimed  at 
building  up  a  self-consistent  data  set,  and  point  out  features 
of  the  derived  data  which  support  the  view  that  nonzero 
correlations  in  the  “other”  planes  are  present. 

For  each  pulse  viewed  using  the  horizontal  scanner  with 
the  slit  at  some  x,  the  raw  image  holds  /(u,  v)  at  that  x: 
X  =  {u  —  x)/dzh,  so  a  pixel  at  {x,  u,  v)  contributes  to 
f{x,x  ,v)  at  (x,  (u  —  x)/dzh,v).  The  beam  distribution 
in  the  slit  plane  is  a  function  of  a  “derived”  coordinate  y, 
which  is  presently  rescaled  from  v  on  the  image  plane  using 
the  mean  beam  envelope  convergence  in  the  vertical  plane. 
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Figure  6:  Schematics  of  “optical  slit”  scanners. 

Thus,  obtaining  the  y  values  associated  with  each  pixel  for 
the  horizontal  data  set  requires  use  of  the  vertical  data  set. 
The  mean  convergence  in  the  vertical  plane,  Oy,  is:  ay  = 
{{y-  y){y'  -  y'))  /  {{y-  y)^)  (where  the  averages  are  /- 
weighted),  and  the  transformation  is:  y  =  v/{l  +  aydzh). 
The  vertical  scanner  is  handled  similarly. 

Fig.  7  contains  views  of  the  measured  f(x,y,  x').  In  the 
first  panel  /  is  averaged  over  y,  as  in  a  parallel-slit  scanner. 
However,  the  latter  two  panels,  showing  f{x,  —1.95cm,  x') 
and  /(x,  ,0.8mm, a:'),  show  that  f{x,,y,x')  is  not  inde¬ 
pendent  of  y.  Note  that  this  is  the  data  set  of  [6]  (Figs.  3-5 
therein),  and  was  taken  using  machine  parameters  differing 
from  those  of  Figs.  4  and  5  of  this  paper. 
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Figure  7:  {x,x')  phase  space  from  optical  slit  at  D-end: 
integrated  over  y,  and  at  two  particular  y  locations. 


Figure  8:  Optical  slit  data  at  D-end  (see  text). 


The  first  two  panels  of  Fig.  8  show  moments  of  the  dis¬ 
tribution  as  functions  of  spatial  position  (at  the  slit  plane): 
x'{x,y)  andxj.„i5(a;,y).  Note  that  a:'(a:,y)  is  not  traly  lin¬ 
ear  in  X  and  independent  of  y  as  it  would  be  in  a  perfectly 
aligned  system  with  no  anharmonic  forces.  Note  also  the 
roughly  factor-of-two  variation  in  the  transverse  (a;)  ther¬ 
mal  speed  evident  in  the  second  panel.  The  third  panel 
shows  f{x',y)  from  the  horizontal  scan;  note  the  depen¬ 
dence  of  the  mean  x'  upon  y,  shown  as  a  black  trace  run¬ 
ning  from  top  to  bottom  of  the  plot.  (The  horizontal  line 
is  the  image  of  a  support  in  the  diagnostic).  From  this  last 
view  it  is  evident  that  extreme  values  of  x'  are  found  at  the 


extremes  in  y  of  the  distribution.  This  feature  contradicts 
the  ansatz  we  had  made  in  our  syntheses,  which  employed 
a  sampling  region  that  disallowed  exteme  values  of  x '  when 
y  was  at  its  extremes;  this  may  explain  some  of  the  descrep- 
ancy  between  simulation  and  experiment. 

PLANS 

We  plan  to  improve  the  remapping  of  the  raw  data  from 
the  scintillator  plane  to  the  slit  plane.  As  a  first  step,  we  will 
employ  an  x-dependent  mean  vertical  slope,  y'{x),  and  a 
^/-dependent  mean  horizontal  slope,  x'{y).  As  can  be  seen 
in  the  last  panel  of  Fig.  8,  x'  is  indeed  not  independent 
of  y,  and  we  expect  that  accounting  for  this  will  correct 
a  distortion  in  the  slit-plane  spatial  image  obtained  from 
the  vertical  scan.  In  general,  we  plan  to  retain  centroid 
displacements  and  mean  slopes,  all  of  which  are  currently 
removed  in  the  analysis,  in  future  syntheses  of  /;  this  will 
require  good  fiducials  in  the  experimental  data.  It  may  also 
be  possible  to  use  a  spati ally-dependent  a  to  account  for 
deviations  from  linear  convergence  or  divergence. 

The  next  step  in  our  development  of  a  benchmarked  “lo¬ 
cal”  simulation  capability  (as  contrasted  with  a  “source-to- 
end”  capability,  which  is  also  being  pursued)  will  be  to  em¬ 
ploy  projectional  3D  data  (two  or  more  views)  or  4D  data 
(sampled  and  interpolated)  as  the  basis  of  the  distribution 
synthesis.  It  is  planned  that  a  compact  version  of  the  optical 
slit  diagnostic  will  be  fielded  at  the  upstream  QDl  station 
of  HCX,  and  when  that  data  is  available  we  will  carry  out 
the  synthesis  and  simulations. 

To  synthesize  a  distribution,  we  may  use  the  optical  slit 
data  to  specify  spatial  bin  counts  N (x,  y)  and  probability 
distributions  f{x')  and  f{y')  at  each  cell  in  (x,  y),  and  load 
the  particles  in  that  cell  with  random  x'  values  obeying 
those  distributions.  It  would  also  be  possible  to  employ 
a  sampling  region  that  excludes  the  “comers”  in  {x',y') 
for  particles  in  a  spatial  cell.  Correlations  in  that  plane  are 
not  measured  by  the  optical  slits,  but  may  in  the  future  be 
inferred  from  hole-plate  data. 

Multi-hole  plates  directly  yield  4D  data,  but  that  data  is 
sparse.  It  is  hoped  that  interpolations  in  the  velocity  distri¬ 
bution,  combined  with  a  direct  measurement  of  the  spatial 
density,  will  yield  accurate  estimates  of  /(x,  y,  x',  y'). 
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Abstract 

The  INTRODUCTION  to  this  paper  summarizes  the  his¬ 
tory  of  the  Global  Accelerator  Network  (GAN)  concept  and 
the  recent  workshops  that  discussed  the  relationship  be¬ 
tween  GAN  and  Remote  Operations.  The  REMOTE  OP¬ 
ERATIONS  SCENARIOS  section  brings  out  the  organiza¬ 
tional  philosophy  embodied  in  GAN-like  and  to  non-GAN- 
like  scenarios.  The  set  of  major  TOPICS  RAISED  AT  THE 
WORKSHOPS  are  only  partially  resolved.  COLLABO¬ 
RATION  TOOLS  are  described  and  discussed,  followed 
by  examples  of  REMOTE  ACCELERATOR  CONTROL 
PROJECTS  around  the  world. 

INTRODUCTION 

Remote  eontrol  of  accelerators  has  been  widespread  for 
about  2  deeades,  in  large  accelerators  such  as  LEP  and 
HERA  where  the  control  room  is  of  order  10  km  from 
the  farthest  part  of  the  ring.  Accelerator  engineers  and 
physicists  routinely  “dial  in”  to  lab  computers  to  check  on 
their  equipment,  or  for  general  adjustments  to  equipment 
and  databases,  where  security  policies  permit.  Technically, 
most  of  these  duties  could  be  done  just  as  well  1,000  km 
from  the  accelerator.  The  arrival  of  ever  higher  bandwidth 
connections,  in  the  home,  office,  and  in  the  lab,  promises 
to  greatly  enhance  such  routine  “single  site”  remote  opera¬ 
tions.  Recently,  much  interest  has  been  expressed  in  “mul¬ 
tiple  site  remote  operations.  Although  it  is  not  necessary 
to  tightly  link  the  two  topics,  “Remote  Operations”  and 
“GAN”  are  often  considered  together.  While  the  original 
GAN  inspiration  was  the  goal  of  enabling  construction  of  a 
Linear  Collider  as  an  international  project,  the  same  remote 
operations  concepts  can  be  applied  to  any  accelerator,  large 
or  small,  trans-national  or  intra-national,  new  or  old.  Mul¬ 
tiple  site  remote  operations  are  potentially  relevant  to  the 
APS,  CESR,  LHC,  and  the  VLHC,  as  well  as  to  a  Linear 
Collider. 

Reports  and  workshops.  Two  ICFA  working  groups 
studied  and  reported  on  the  GAN  concept  in  2001  [1].  The 
first  repwit  examines  the  General  Considerations  and  Im¬ 
plementation,  while  the  second  reports  on  many  Techni¬ 
cal  Considerations  that  are  relevant  to  the  topic  at  hand. 
Remote  Operations.  Three  workshops  were  held  in  2002, 
gathering  together  social  scientists  and  members  of  the  ac¬ 
celerator  and  experimental  community,  to  consider  “En¬ 
abling  the  Global  Accelerator  Network”  (Cornell  Univer¬ 
sity),  “Collaboration  Tools  for  the  Global  Accelerator  Net¬ 
work”  (Lawrence  Berkeley  Laboratory),  and  “Remote  Op¬ 
erations”  (Shelter  Island)  [2, 3, 4]. 

REAP.  Early  in  2003  a  working  group  on  Remote  Exper¬ 
iments  in  Accelerator  Physics  [5]  (REAP)  was  formed  un¬ 


der  the  Beam  Dynamics  Panel  [6]  of  ICFA,  to  promote  and 
facilitate  communication  between  laboratories  interested  in 
accelerator  remote  operations.  While  the  focus  is  on  accel¬ 
erator  physics  experiments,  REAP  activities  share  many  of 
the  technical  and  sociological  challenges  that  a  GAN  would 
face.  Lessons  learned  in  carrying  out  remote  accelerator 
physics  experiments  will  be  invaluable  in  setting  up  more 
extensive  remote  operations.  REAP  maintains  a  database 
of  accelerator  physics  experiments  employing  remote  op¬ 
erations,  and  is  developing  guidelines  for  easily  accessible 
webcast  seminars.  Future  work  also  includes  maintaining 
a  library  of  documentation  on  remote  operations,  distribut¬ 
ing  newsletters,  further  development  of  network  communi¬ 
cations,  and  workshop  sponsorship. 

Foundation  technologies.  The  accelerator  and  exper¬ 
imental  physics  communities  were  crucial  early  imple- 
menters  of  the  World  Wide  Web  foundation  technology, 
both  because  of  our  extreme  performance  requirements, 
and  because  of  our  willingness  and  ability  to  work  at  the 
bleeding  edge.  It  is  reasonable  -  although  far  from  certain 
—  to  expect  that  we  will  again  be  involved  in  a  profound 
paradigm  shift,  through  the  emerging  technologies  that  will 
enable  us  to  meet  the  rapidly  expanding  challenges  of  ex¬ 
perimental  data  analysis,  and  Remote  Operations.  Even 
less  certain  is  the  timescale,  the  exact  implementation,  and, 
especially,  the  social  impact  of  the  next  great  leap  forward. 
Consider,  for  example,  the  potential  impact  of  Remote  Op¬ 
erations  in  the  context  of  pilot-less  military  airplanes. 

The  need  to  greatly  enhance  our  ability  to  share  re¬ 
sources  in  real  time  increases  by  orders  of  magnitude  the 
demands  that  are  placed  on  networks.  Remote  control 
rooms  and  video  conferencing  are  examples  of  functions 
that  place  such  demands  -  what  will  they  look  like  with  3 
or  6  more  orders  of  magnitude  of  bandwidth? 

REMOTE  OPERATIONS  SCENARIOS 

Experience  with  multi-institution  accelerator  construc¬ 
tion  projects,  and  particle  physics  experiments,  illuminates 
the  challenges  in  balancing  the  need  for  partner  institution 
autonomy  against  the  need  for  successful  and  efficient  in¬ 
tegration.  However,  collaborative  accelerator  construction 
projects  to  date  have  employed  the  “build  and  forget”  man¬ 
agement  model  -  responsibility  and  ownership  is  sooner  or 
later  handed  off  completely  to  the  “host  laboratory”.  (This 
is  not  the  case  for  particle  physics  experiments,  where  the 
collaborations  continue  on  a  more  or  less  equal  footing  well 
beyond  the  construction  and  data-taking  phases.)  In  con¬ 
trast,  the  central  tenet  of  the  GAN  philosophy  is  that  the 
partner  laboratories  remain  involved  in  perpetuity,  as  equal 
partners.  There  is  no  “host  laboratory”  but  rather  a  “site 
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laboratory”,  and  the  Project  Manager  (for  example)  is  prob¬ 
ably  not  an  employee  of  the  site  laboratoiy.  That  is,  the  site 
laboratory  relinquishes  centralized  control,  in  order  to  se¬ 
cure  the  continued  distributed  symmetric  participation  of 
the  partners  who  build  the  accelerator  sub-systems. 

The  need  for  a  distributed  symmetric  organization  is 
probably  the  most  important  example  of  a  high  level  ex¬ 
ternal  requirement  in  a  GAN-like  remote  operations  sce¬ 
nario.  However,  there  are  many  other  new  issues  -  techni¬ 
cal,  social,  and  non-traditional  -  that  are  also  vitally  im¬ 
portant  to  both  GAN-like  and  non-GAN-like  scenarios. 
Needs  that  must  be  addressed  in  any  remote  operations 
scenario  include  facility  coordination  and  intimate  day-to- 
day  facility  knowledge,  emergency  response,  and  procedu¬ 
ral  consistency.  New  challenges  potentially  include  cross- 
cultural  integration,  language  adoption,  and  the  lack  of  ca¬ 
sual,  serendipitous  interactions.  These  challenges  are  often 
organizational  and  social,  rather  than  technical. 

Many  of  these  same  issues  are  also  relevant,  although 
perhaps  not  so  stressful,  to  the  experimental  physics  com¬ 
munity.  For  example,  the  CMS  experiment  in  the  LHC 
plans  to  install  a  Virtual  Control  Room  at  Fermilab.  Some 
take  the  GAN  philosophy  one  step  further,  in  proposing  the 
concept  of  a  joint  accelerator/experimental  Virtual  Control 
Room. 

Symmetric  and  Asymmetric  Control  Rooms 

Potential  remote  control  room  implementations  cover 
a  spectmm  from  a  simple  asymmetric  scenario  with  oc¬ 
casional  consultation  of  remote  experts,  to  a  symmetric 
scenario  with  functionally-  and  organizationally-equivalent 
control  rooms  at  each  partner  laboratory.  In  the  symmetric 
sequential  model  the  executive  privilege  for  operating  the 
accelerator  is  passed  off  between  multiple  control  rooms 
that  are  (close  to)  identical.  Control  of  the  accelerator  com¬ 
plex  rotates  between  the  partner  labs,  perhaps  as  quickly 
as  shift  by  shift.  In  the  symmetric  simultaneous  model, 
multiple  control  rooms  are  simultaneously  all  more  or  less 
equally  active,  nonetheless  with  executive  control  clearly 
defined.  A  control  room  in  an  asymmetric  scenario  may 
be  complete,  or  it  may  invoke  collaborative  tools  to  give 
just  a  virtual  presence  in  a  complete  on-site  control  room. 
The  functionality  can  then  be  adjusted  to  best  serve  the  di¬ 
verse  needs  of  eaeh  remote  operations  user  group. 

The  needs  of  many  operations  user  groups  must 
be  considered  during  routine  and  non-routine  operations. 
These  groups  include  operation  crews  and  co-ordinators, 
accelerator  physicists,  experimental  groups,  subsystem 
hardware  and  software  experts,  application  programmers, 
control  system  integration  experts,  and  system  administra¬ 
tors.  While  there  is  no  simple  consensus  on  a  best  remote 
operations  scenario  for  all  these  groups,  there  is  a  general 
consensus  that  any  remote  experts  responsible  for  a  sub¬ 
system  must  remain  actively  engaged,  through  continued 
accelerator  operations.  There  is  also  a  consensus  that  an 
off-site  control  room  with  full  remote  operations  capabil¬ 


ity  is  now  (or  soon  will  be)  a  feasible  alternative  to  routine 
travel  to  the  site. 

TOPICS  RAISED  AT  THE  WORKSHOPS 

Details  of  the  workshop  discussions  on  the  following 
topics  can  be  found  in  the  3  workshop  proceedings  [2, 3, 4]. 

Controls  Architecture.  Remote  operations,  like  large 
international  detector  constmction,  sets  critical  consistency 
constraints  on  controls  language,  training,  and  procedures. 
Comprehensive  system  simulations  and  early  adoption  of 
top-  and  middleware  tools  are  essential,  and  standards  must 
be  followed  to  assure  facility  consistency  and  maintainabil¬ 
ity.  This  is  particularly  important  in  the  project’s  system 
integration  and  commissioning  phases.  Security  is  a  partic¬ 
ularly  important  part  of  the  controls  architecture. 

Standardization  versus  accommodation.  Standards 
are  organizationally  required  for  language,  software  de¬ 
velopment  and  version  control,  documents,  testing,  qual¬ 
ity  assurance  and  operations  procedures.  Negotiation  of 
the  balance  between  a  strong  central  authority  responsi¬ 
ble  for  integration,  and  diverse  partner  labs  responsible  for 
development,  operations  and  support,  is  among  the  domi¬ 
nant  challenges  of  large-scale  remote  operations.  How  far 
through  the  control  engineering  systems  must  uniformity 
be  required?  Uniformity  leads  to  lower  costs,  better  main¬ 
tainability,  and  decreased  confusion,  but  accommodation 
leads  to  design  flexibility  and  a  greater  degree  of  “own¬ 
ership”.  A  standards  committee  should  urge  conformity, 
without  rashing  to  establish  standards  prematurely. 

Operational  evolution.  Installation  and  commissioning 
require  a  substantial  on-site  presence  of  participants,  in¬ 
cluding  future  remote  experts.  This  period  is  a  primary  op¬ 
portunity  for  community  and  mutual  interest  building  that 
will  sustain  interest  through  the  transition  from  early  com¬ 
missioning  to  the  continuous  upgrade  phase.  The  remote 
operations  environment  must  be  attractive  to  the  operations 
user  groups,  in  order  to  keep  activity  levels  high. 

Social  communications.  For  long-term  organizational 
viability,  remote  operations  should  allow  nearly  the  same 
range  of  interpersonal  interactions  as  co-located  personnel. 
Easily  used  communication  devices  such  as  video  walls 
should  proliferate.  Casual  interactions  and  other  low-level 
contacts  are  the  most  important  channels  for  team-building 
-  familiarity  breeds  content. 

Training  and  procedures.  Common  operator  training 
is  required.  Inter-lab  participatory  tutelage  and  “hands-on” 
training  will  also  build  community  and  encourage  common 
practices,  but  early  simulation  training  will  potentially  be 
quite  difficult.  All  operations  documentation  and  reviews 
must  be  freely-available  from  all  control  rooms,  includ¬ 
ing  playback  of  operations  activities  for  training  and  re¬ 
view  purposes.  Routine  mixing  of  operations  member  as¬ 
signments  between  member  labs  will  be  useful  to  promote 
community. 

Maintenance  and  spares.  Remote  maintenance  scenar¬ 
ios  include  the  need  for  detailed  consultation  between  an 


279 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


on-site  repair  crew  and  remote  experts.  Ownership  and 
responsibility  for  failed  components  must  be  clearly  de¬ 
fined,  and  there  must  be  checks  and  balances  for  remote 
experts  to  verify  repairs  and  proper  system  performance.  It 
is  not  completely  obvious  that  an  increased  spares  inven¬ 
tory  is  necessary,  especially  if  components  are  duplicated 
among  multiple  projects  supported  by  an  individual  partic¬ 
ipant  laboratory. 

The  1%  problem.  Expert  intervention  on-site  is  ex¬ 
pected  about  20  times  per  year,  or  for  about  1  %  of  interven¬ 
tions,  in  a  large  remote  operations  facility.  This  typically 
implies  an  interruption  of  operations  for  approximately  two 
days  if  extended  air  travel  is  required.  Possible  remedies 
include  improved  internal  diagnostics,  extensive  logging, 
and  enhanced  remote  diagnosis.  None  of  these  solutions 
are  prohibitively  expensive,  and  all  of  them  are  also  “good 
practice”  features  for  a  locally-controlled  accelerator. 

An  Example:  KEK  ATF.  After  careful  consideration  in 
2000,  KEK  personnel  decided  not  to  retroactively  imple¬ 
ment  a  full  remote  operations  capability  for  the  ATF  ring 
The  radiation  safety  reporting  path  was  critical  in  this  de¬ 
cision  —  an  on-site  control  room  shift  leader  is  required  for 
all  shifts.  Most  of  the  appropriate  documentation  was  in 
Japanese,  providing  a  language  banier  to  foreign  collab¬ 
oration.  The  technical  problems  were  surmountable,  but 
inbuilt  social  and  organizational  issues  demonstrated  that 
remote  operations  as  an  afterthought  is  at  best  difficult. 

COLLABORATION  TOOLS 

Many  efforts  to  build  and  deploy  collaboration  environ¬ 
ments  in  support  of  remote  access  have  been  launched  in 
the  past  decade.  As  a  result,  many  collaborative  tools  are 
now  available,  and  several  studies  of  collaborations  have 
been  conducted.  Success  depends  on  many  factors  in¬ 
cluding  the  technologies  used,  the  social  environment,  the 
goals,  the  level  of  support,  and  the  level  of  need.  An  impor¬ 
tant  factor  is  time  and  place:  users  might  work  at  the  same 
or  different  times,  and  in  the  same  or  different  places.  Col¬ 
laboration  often  involves  a  mixture  of  types  of  interactions, 
requiring  an  appropriate  array  of  tools. 

Technologies 

Collaboration  technologies  facilitate  several  modes  of 
interaction.  One  mode  involves  interpersonal  communica¬ 
tion  including  speech,  video,  text,  and  e-mail,  while  an¬ 
other  enables  access  to  stored  data  and  information,  in¬ 
cluding  real  time  monitoring.  Several  tools  support  con¬ 
versations.  Text-based  chats  like  Instant  Messaging  (IM), 
Multi-User  Dungeons  (MUD),  and  Internet  Relay  Chats 
(IRC)  provide  mostly  synchronous  interaction  but  can  also 
allow  intermittent  interactions.  Secure  text  messaging  and 
presence  capabilities  are  provided  by  the  Berkeley  Lab 
Secure  Messaging  Tool.  Video  conferencing  tools  in¬ 
clude  Polycom  Video  Conferencing,  NetMeeting,  Virtual 
Rooms  Videoconferencing  System  (VRVS),  and  Access 
Grids.  These  tools  provide  varying  degrees  of  visual  and 


audio  interaction  capabilities  and  immersion.  The  Access 
Grid  provides  a  very  immersive  experience  with  a  large 
video  wall  to  project  all  the  participants,  several  camera 
views  of  participants,  and  naturalistic  audio.  Technolo¬ 
gies  like  NetMeeting,  Via  Video,  and  the  VRVS  system 
provide  limited  immersion  capabilities  during  workstation- 
based  interactions,  including  meetings  over  high  and  low 
bandwidth.  Capture  and  replay  capabilities  are  currently 
emerging.  Soon,  data  will  be  archived  and  annotated  for 
continuing  discussion. 

Several  tools  augment  synchronous  interactions,  allow¬ 
ing  participants  to  talk  about  a  shared  display,  data  stream, 
or  report.  A  number  of  technologies  allow  this:  screen 
sharing,  electronic  whiteboards,  presentation  software,  and 
remote  control  panels.  Ideas  currently  under  development 
include  workstation  “docking”  and  peer-to-peer  file  shar¬ 
ing  capabilities,  which  allow  users  to  share  data  on  any 
computer  or  PDA  in  a  relatively  ad  hoc  fashion.  Electronic 
notebooks  that  allow  access  to  an  organized  stream  of  activ¬ 
ity,  comments,  and  data  are  in  use  in  various  communities. 
Most  accelerators  already  use  electronic  log-books. 

Some  cutting  edge  technologies  focus  on  the  awareness 
that  people  have  of  others  availability  and  current  work. 
Presence  information  plays  an  important  role  in  the  per¬ 
ception  that  collaborators  are  working  together.  Collabora¬ 
tive  workflow  systems  under  development  incorporate  Grid 
technologies  to  provide  security  and  to  allow  submission  of 
compute  jobs  on  Grid  enabled  machines.  Shared  editing  of 
text  and  documents  is  an  important  collaborative  activity 
that  has  not  yet  been  adequately  addressed. 


Social  factors 

A  number  of  issues  -  security,  privacy,  interruptions, 
ease  of  use  and  training  -  must  all  be  addressed,  before 
collaboration  technologies  are  acceptable  to  end  users.  Par¬ 
ticipants  need  mechanisms  for  identifying  themselves  and 
having  private  interactions.  A  person  on  video  wants  to 
be  able  to  see  all  the  people  viewing  that  video.  Whatever 
technology  is  employed  needs  to  be  easy  to  use,  and  must 
be  platform  independent.  Applications  must  be  customiz¬ 
able  to  particular  situations.  Participants  need  to  evolve  in¬ 
teraction  rules  of  conduct  that  are  mutually  acceptable  and 
widely  known. 

Participants  in  collaborations  across  national  and  cul¬ 
tural  boundaries  (including  between  laboratories  in  the 
same  country)  may  have  to  relinquish  a  substantial  portion 
of  their  habits,  to  seek  a  common  working  mode.  Con¬ 
scious  effort  will  have  to  be  spent  on  finding  best  working 
practices,  and  ways  to  adapt  to  them.  Semi-formal  tech¬ 
niques  such  as  “User-Centered  Design”  can  be  used  to  ex¬ 
tract  requirements  for  a  collaborative  environment  by  pro¬ 
ducing  a  preliminary  view  of  the  users  goals,  work  prac¬ 
tices,  and  likely  interaction  patterns  and  needs 


280 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


Coordination  functionalities 

The  coordination  that  takes  place  in  all  these  settings  is 
both  asynchronous  and  synchronous,  involving  both  sched¬ 
uled  meetings  and  informal  communication.  Required 
functionalities  include: 

Meeting  support  Users  want  to  be  able  to  give  and  at¬ 
tend  meetings  and  presentations  remotely,  with  both  audio 
and  video  of  the  presenter  along  with  the  slides  or  presenta¬ 
tions  of  other  things  (like  a  data  stream,  simulation  results, 
3-D  CAD  tools,  video,  documents,  visualization  and  elec¬ 
tronic  notebooks).  All  participants  should  be  able  to  see 
all  other  participants,  in  order  to  capture  their  reactions. 
People  should  be  able  to  connect  from  their  offices  as  well 
as  from  special  conferencing  rooms,  and  should  be  able  to 
participate  when  traveling.  This  raises  the  issue  of  whether 
and  how  to  make  solitary  participants  equal  members  of 
meetings.  If  passive  participation  and  multi-tasking  is  ap¬ 
propriate  -  perhaps  when  connected  at  the  desktop  -  it  is 
desirable  to  have  the  stream  mnning  in  the  background. 

Informal  meetings.  On  occasion,  such  as  when  an  un¬ 
expected  result  happens,  people  need  immediate  access  to 
associates  for  consultation.  For  this,  an  awareness/presence 
system  with  appropriate  rules  about  its  use  (a  cultural  is¬ 
sue)  will  support  finding  and  contacting  the  right  person. 
Once  contacted,  the  kinds  of  technology  that  support  for¬ 
mal  meetings  would  support  these  less  formal  sessions. 

Remote  operations.  In  order  to  establish  efficient  two- 
way  communication  it  is  only  necessary  to  duplicate  what 
is  on  a  subset  of  screens,  and  NOT  the  entire  control  room. 
Screens  should  “look”  the  same  to  everyone.  A  meeting 
room  is  needed  for  the  development  and  discussion  of  run 
plans,  analysis,  information  exchange  at  shift  changes,  et 
cetera.  Also  needed  are  electronic  whiteboards  visible  at 
remote  locations,  and  computers  for  logging  data  streams, 
and  for  analyzing  and  displaying  summary  data.  Since  the 
operators  hands  and  eyes  are  busy,  the  primary  communi¬ 
cation  will  likely  be  a  wireless  headset.  Video  of  the  remote 
partner  helps  communication.  The  same  kind  of  views  and 
communication  channels  help  during  installation,  testing, 
and  commissioning,  et  cetera,  for  those  who  need  never  be 
on  site. 

Experience  at  BNL/RHIC.  A  VRVS  video  conferenc¬ 
ing  system  was  used  to  broadcast  shift  change  and  other 
daily  meetings  during  the  2003  RHIC  ran.  Experiment 
control  rooms  and  personnel  offices  had  non-interactive  ac¬ 
cess  to  these  broadcasts.  This  approach  was  abandoned 
after  approximately  two  weeks  of  use  -  only  one  opera¬ 
tions  coordinator  knew  how  to  operate  the  video  confer¬ 
encing  equipment,  and  interest  quickly  waned  when  equip¬ 
ment  problems  developed.  This  experience  emphasizes 
an  adoption  expeetation  for  communications  utilities:  they 
should  be  as  convenient  and  reliable  as  a  telephone.  Sim¬ 
ple  video  conferencing  systems  are  just  barely  reaching  this 
state.  Advanced  video  conferencing  software  like  the  Ac¬ 
cess  Grid  are  far  from  this  ease  of  use. 


ACCELERATOR  REMOTE  CONTROL 
PROJECTS 

A  total  of  22  in-progress  and  planned  experiments  was 
presented  at  the  Shelter  Island  workshop,  and  is  tabulated 
in  the  proceedings  [7].  Table  1  lists  a  representative  sample 
of  six  of  them.  A  brief  deseription  of  three  remote  oper¬ 
ations  aetivities  (two  of  them  initiated  after  the  Shelter  Is¬ 
land  workshop)  illustrates  the  breadth  of  these  endeavors. 

Examples  of  current  and  planned  experiments 

Small  scale  (current):  Remote  controls  enable  both  fac¬ 
ulty  and  students  at  a  small  university  to  experienee  and 
carry  out  research  at  a  large  facility,  without  frequent  or 
prolonged  travel.  A  series  of  remote  diagnostic  and  tuning 
experiments  on  the  Cornell  Eleetron  Storage  Ring  (CESR) 
is  being  carried  out  by  a  faculty  member  at  Alfred  Uni¬ 
versity,  a  small  institution  approximately  100  km  from  the 
lab  [8].  The  faculty  member  had  been  a  member  of  the  ac¬ 
celerator  physics  staff  at  CESR  for  several  years,  and  thus 
did  not  need  to  make  an  initial  on-site  stay  to  become  famil¬ 
iar  with  accelerator  infrastructure,  or  to  build  the  personal 
links  necessary  for  close  eollaboration.  Orbit  and  aperture 
measurements  on  the  injector  synchrotron  have  been  made. 

Since  the  CESR  control  programs  use  X-windows  dis¬ 
plays,  remote  operation  is  enabled  simply  by  logging  in  to 
the  CESR  control  computers.  (Additional  control  for  au¬ 
thorization  must  be  put  in  place  before  using  the  system 
on  a  widespread  scale.)  In  addition  to  conventional  control 
and  monitoring  functions  (including  graphical  history  dis¬ 
plays)  a  digitizing  oscilloscope  provides  updates  of  screen 
data  at  roughly  5  Hz.  Coordination  with  the  accelerator 
operator  is  made  by  telephone. 

Medium  scale  (current):  An  experiment  to  character¬ 
ize  and  improve  photoinjector  performance  has  been  in 
progress  in  the  AO  hall  at  Fermilab  for  over4  years  [9].  The 
collaboration  -  between  institutions  in  the  US,  Italy,  and 
Germany  -  is  working  on  development  of  an  injector  for 
the  TESLA  and  TTF  accelerators,  and  on  the  study  of  novel 
applications  of  high  brightness,  pulsed  electron  beams.  For 
example,  a  recent  study  of  the  effect  of  the  injectors  bunch 
compression  chicane  on  bunch  properties  has  been  carried 
out  primarily  by  operation  from  DESY  [10,  11].  The  cen¬ 
tral  energy,  energy  spread,  bunch  length,  and  transverse 
emittance  were  measured  for  several  combinations  of  RF 
cavity  phase  and  chicane  magnet  currents. 

Because  the  photoinjector  experiment  was  not  originally 
designed  with  remote  operation  in  mind,  several  functions 
-  RF  transmitter  on/off,  laser  adjustments,  and  cryogen¬ 
ics  control  -  are  performed  locally.  These  need  only  in¬ 
termittent  attention,  mostly  at  the  beginning  and  end  of 
shifts.  Other  local  functions  are  also  available  remotely 
using  VNC,  a  cross  platform  program  duplicating  a  local 
computer  screen  and  keyboard  at  a  remote  site.  A  remotely 
controlled  video  switch  allows  any  of  a  number  of  TV  im¬ 
ages  to  be  sent  to  a  web  browser  window  faster  than  1  Hz. 
The  composite  signal  is  captured  by  a  frame  grabber,  then 
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Table  1:  Representative  Remote  Operations  Projects 


Experiment 


Goals 


Site  Lab  Software  Status 


BNL,  FNAL 

JLab,  SNS,  LANL 

DESY,  Cornell, 

Ohio  State,  U.  Mich. 
Cornell,  Alfred  U. 

FNAL,  DESY 

KEK,  SLAC 


IR  Linear  Corr.  Remote  beam  ops 


SNS  SRF 
Commissioning 
TTFDAQ 

Accelerator 
diagnostics 
AO  Photoinjector 

Beam  based 
alignment  and 
analysis  -  ATF 


Evaluate  RF  cavity  perf. 

Database  tools  for  accel. 

data,  collaborative  tools 
Devel.  remote  tools, 
improve  accel.  perform. 
Develop  high 
current  injectors 
Damping  ring 
development, 
remote  control 


BNL 

(RHIC) 

JLab 

DESY 

(TTF) 

Cornell 

(CESR) 

FNAL 

KEK 

(ATF) 


Local, 

ACNET 

EPICS 

DOOCS, 
VRVS 
Local, 
X-windows 
PC,  MAC, 
SUN 

MATLAB, 

V-system 


Proposed 

Proposed 

Proposed 

Ongoing 

Ongoing 

Ongoing 


converted  to  jpeg  format  to  reduce  required  bandwidth. 
Video  conferencing  and  a  mutually  accessible  electronic 
log  book  complete  the  remote  control  package. 

Lai^e  scale  (proposed):  A  recent  proposal  to  the  Euro¬ 
pean  Steering  Group  on  Accelerator  R&D  (ESGARD)  [12] 
includes  a  comprehensive  program  to  use  working  ex¬ 
amples  of  a  Multipurpose  Virtual  Laboratory  (MVL)  to 
demonstrate  “far  remote  operation”  capabilities  and  the  es¬ 
sential  components  envisaged  in  GAN  [13].  Seven  differ¬ 
ent  accelerator  technology  projects  will  be  used  as  devel¬ 
opment  test  beds.  The  GANMVL  collaboration  of  6  ma¬ 
jor  European  laboratories  plans  a  3  year  time  scale  for  the 
project,  with  an  estimated  effort  of  80  person-years. 

MVL  works  in  a  client-server  configuration.  The  server 
will  contain  hardware  and  software  to  capture  measured  ac¬ 
celerator  data,  user  controls  and  audio/video  data.  These 
real-time  data  will  be  distributed  to  the  clients  and  pro¬ 
jected  into  an  interactive  virtual  environment.  In  order  to 
approach  the  scientific  and  social  interaction  environment 
of  a  single  laboratory,  video  and  audio  links  will  use  3-D 
audio  and  stereo  video  technology.  Streaming  transmis¬ 
sions  will  employ  secure  technologies  to  guarantee  smooth 
and  uninterrupted  data  flow.  Standardization  of  vocab¬ 
ulary,  comprehensive  authorization  procedures,  plug  and 
play  hardware,  and  planning  for  remote  coordination  of  op¬ 
erations  planning,  maintenance,  troubleshooting  and  repair 
will  be  studied  and  developed. 

CONCLUSIONS 

Multiple  site  remote  operations  are  necessary  in  the 
GAN  management  model  of  the  distributed  symmetric  par¬ 
ticipation  of  equal  partners  in  a  future  large  scale  acceler¬ 
ator  project.  Remote  operations  -  whether  in  a  symmetric 
sequential,  symmetric  simultaneous,  or  an  asymmetric  sce¬ 
nario  —  are  also  acquiring  powerful  potential  advantages  in 
non-GAN-like  applications.  Thanks  to  rapid  communica¬ 
tions  advances,  it  is  becoming  possible  to  envisage  tightly 
knit  but  broadly  dispersed  communities  of  accelerator  op¬ 


erations  user  groups.  The  challenges  to  successful  imple¬ 
mentation  are  as  much  social  as  technical.  Evolving  tech- 
nologies  from  the  Access  Grid  to  the  Multipurpose  Virtual 
Laboratory  deserve  close  attention.  However,  new  modes 
of  communication  must  become  as  simple  and  reliable  as  a 
telephone  before  broad  acceptance  is  assured.  Contempo¬ 
rary  video  conferencing  still  leaves  much  to  be  desired.  The 
broader  societal  impact  of  any  such  new  foundation  tech¬ 
nology  is  as  hard  to  predict  as  it  was  for  the  World  Wide 
Web  in  its  early  evolutionary  period, 
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Abstract 

The  Advanced  Photon  Source  uses  two  distinct  control 
programs  for  orbit  control  and  stability— a  full-featured 
workstation-based  program  for  orbit  control 
(sddscontrollaw)  and  an  EPICS-based  system,  the  Real- 
Time  Fast  Feedback  System  (RTFS),  to  reduce  orbit 
motion.  The  sddscontrollaw  program  has  been  ported  to 
EPICS  and  moved  from  the  UNIX  environment  to  an 
EPICS  IOC  attached  to  the  RTFS.  This  EPICS-based 
program  uses  the  RTFS’s  reflective  memory  to  gather 
beam  position  information  and  write  corrector  power 
supplies,  thus  avoiding  variable  network  latencies.  This 
allows  the  orbit  control  to  run  at  a  correction  rate  50  times 
that  of  the  workstation  implementation,  which  virtually 
eliminates  orbit  motion  caused  by  insertion  device  gap 
changes.  Issues  raised  by  the  integration  of  orbit  control 
into  the  real-time  feedback  system  and  performance 
improvements  are  discussed. 

INTRODUCTION 

The  Advanced  Photon  Source  uses  two  feedback 
systems  operating  in  parallel  to  correct  the  transverse 
orbit.  The  “slow,”  DC  orbit  correction  (OC)  system 
performs  orbit  control  and  local  steering  [1,2],  while  the 
real-time  orbit  feedback  system  [3]  reduces  faster  orbit 
motion.  The  real-time  feedback  (RTFS)  system  is  AC 
coupled  and  operates  at  an  iteration  rate  of  1534  Hz, 
while  the  DC  system  when  operated  on  a  UNIX 
workstation  has  operated  at  iteration  intervals  of  0.5  to  4.0 
seconds. 

The  workstation-based  control-law  software  has  been 
ported  to  the  real-time  operating  system,  VxWorks,  used 
by  the  APS  control  system  EPICS  lOCs.  A  new  IOC,  the 
datapool,  has  been  added  to  the  RTFS  reflective  memory 
network.  The  datapool  IOC  has  access  to  all  beam 
position  monitor  (BPM)  position  data  and  all  corrector  set 
points  through  the  reflective  memory  connection.  Thus 
the  datapool  provides  a  dedicated  platform  on  which  to 
run  orbit  correction  without  local  area  network 
involvement  except  to  set  up  and  monitor  operation.  The 
result  is  that  DC  orbit  correction  now  runs  50  times  faster 
with  a  very  deterministic  iteration  interval. 

EVOLUTION  OF  THE  DATAPOOL 

Prior  to  the  addition  of  the  datapool  IOC,  DC  orbit 
correction  ran  at  iteration  intervals  of  2.5  to  4  seconds. 
The  sddscontrollaw  program  was  required  to  fetch  BPM 
position  data  from  43  BPM  and  RTFS  lOCs  and  write 
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corrector  values  to  20  power  supply  lOCs.  The  time 
required  to  fetch  data,  compute  corrections,  and  write 
correctors  for  a  single  plane  was  measured  to  be  800 
milliseconds  with  a  variability  of  ±500  milliseconds  [4]. 
Variable  network  latencies  due  to  the  large  number  of 
lOCs  involved  in  the  process  and  the  uncertain  process 
scheduling  in  the  UNIX  workstation  environment  were 
probably  large  contributors  to  the  long  iteration  time  with 
such  a  large  variability. 

Initially,  while  the  port  of  sddscontrollaw  to  VxWorks 
was  in  process,  the  datapool  IOC  was  used  as  a  single 
point  of  focus  for  position  data  for  the  workstation-based 
OC;  i.e,  all  BPM  position  data  were  transferred  as  vectors 
between  the  workstation  and  the  datapool.  Corrector  set 
points  were  still  sent  as  scalars  to  power  supply  lOCs. 
This  permitted  the  OC  iteration  rate  to  be  increased  to  2 
Hz,  but  a  large  variability  in  time  to  complete  each 
iteration  was  still  observed. 

The  VxWorks  port  of  the  control-law  software  allows 
both  planes  to  be  run  on  the  datapool  IOC  simultaneously 
at  20  Hz.  This  is  a  50-fold  increase  over  the  iteration  rate 
in  use  prior  to  the  datapool  IOC. 

THE  HARDWARE 

The  datapool  is  an  EPICS  IOC  based  on  a  Motorola 
366-MHz,  MVME2700  processor.  This  IOC  also  contains 
a  Pentek  50-MHz  model  4284  DSP  card  [5].  A  VMIC 
5588  reflective  memory  card  [6]  provides  the  interface  to 
the  fast-feedback  system’s  network  and  thus  provides 
access  to  all  BPM  position  vectors  and  corrector  set-point 
vectors.  Reflective  memories  are  connected  to  a  29.5- 
MB/s  fiber-optic  ring.  An  in-house  card,  the  feedback 
system  interface  card,  receives  the  RTFS  sample  clock, 
which  is  currently  set  to  1534  Hz.  A  block  diagram  is 
shown  in  Fig.  1. 


VME 

Figure  1 ;  Datapool  IOC  block  diagram  showing  the  IOC 
and  DSP  processors,  reflective  memory  (RM),  and 
feedback  system  interface  (FSIC). 
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DATA  ACQUISITION  are  applied  using  EPICS  subroutine  records  to  implement 

Figure  2  shows  the  data  flow  and  processing  in  the  the  vector  processing, 
datapool  IOC.  The  RTFS  deposits  all  BPM  data  into  its  '■h®  sddscontrollaw  does  not  process 

reflective  memory  network  at  its  iteration  rate  (1534  syncluonously  at  the  decimated  data  rate,  rather  its 
kHz).  This  data  consists  of  x  and  y  positions  from  320  deration  rate  is  derived  from  the  real-time  operating 
monopulse  rf  BPMs,  70  narrowband  rf  BPMs,  and  70  60-Hz  system  clock. 

insertion  device  x-ray  BPMs;  and  y  positions  from  70  control-laws  compute  corrector  delta  vectors  and 

bending  magnet  (BM)  x-ray  BPMs.  Not  all  values  have  them  into  corrector  delta  waveform  records, 

underlying  physical  devices  yet.  These  990  position  ^®has  are  accumulated  in  another  EPICS 

values  are  available  to  any  IOC  attached  to  the  RTFS  waveform  record.  The  resultant  317  element  horizontal 
reflective  memory  network  including  the  datapool  IOC.  vertical  corrector  vectors  are  deposited  into  the 

The  datapool  IOC  digital  signal  processor  (DSP)  reads  ^TFS  s  reflective  memory  network  along  with  an  update 
these  position  vectors  at  one-half  of  the  feedback  system  (20  horizontal  plane  and  20  vertical 

sample  rate  and  applies  a  2-pole  digital  filter  to  each  *he  portion  of  the  corrector  vector 

value.  All  computations  are  vectorized.  The  processing  is  corresponding  to  its  span  of  control  and  writes  the  values 
done  at  one-half  of  the  feedback  system  sample  rate  individual  corrector  power  supply  regulators, 

because  the  DSP  card  currently  in  use  cannot  read  the  990  datapool  IOC  records  the  last  128  values  written  to 

values  and  compute  the  required  990  digital  filters  at  the  ^24  correctors.  Separate  time  stamps  are 

full  sample  rate.  The  digital  filter  cutoff  frequency  is  •'ccorded  for  each  plane.  Upon  beam  loss,  the  control-laws 
specified  by  an  EPICS  process  variable  and  thus  is  easily  iterations  and  thus,  the  corrector  history  buffers 

changed.  The  DSP  generates  an  interrupt  to  the  IOC  contain  the  last  128  values  for  each  corrector.  These 

processor  at  a  decimated  rate  determined  by  another  Icmporal  records  are  available  as  EPICS  waveform 
EPICS  process  variable.  records  for  postmortem  analysis  of  beam-loss  events. 

Upon  each  interrupt  from  the  DSP,  the  IOC  reads  the  datapool  IOC  also  provides  BPM  set-point  vectors 

filtered  position  vectors  from  the  DSP’s  dual-ported  RAM  These  vectors  are  processed  by  each  RTFS 

and  deposits  them  into  EPICS  waveform  records.  ®  manner  similar  to  the  corrector  set-point  vectors. 

Polynomial  linearization  appropriate  to  chamber  types  is  feature  is  a  key  component  of  the  orbit  control/RTFS 

applied  to  each  vector.  Offset,  set-point,  and  gain  vectors  overlap  compensation  discussed  below. 


Figure  2:  Data  Acquisition  and  Processing  Flow. 
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ORBIT  CONTROL  PROGRAM 

Sddscontrollaw  is  part  of  the  SDDS  suite  of  tools  [7], 
The  workstation  version  is  used  extensively  at  APS  to  do 
feedback  with  EPICS  process  variables.  It  offers 
configuration  flexibility  to  accommodate  various  focusing 
lattices.  It  also  provides  “despiking”  to  automatically 
remove  bad  BPMs  without  operator  intervention,  limits 
on  the  maximum  change  per  iteration,  and  testing  of 
quantities  for  valid  conditions  [2].  Compensation  for 
intensity-dependent  BPM  offsets  is  handled  by  a  separate 
workstation  program  (sddsfeedforward).  An  input  file 
containing  measurement  and  control  process  variables 
defines  a  gain  matrix  for  a  simple  control-law  equation. 
By  default,  the  sddscontrollaw  tries  to  regulate  the 
measurement  values  to  zero.  An  additional  file 
containing  process  variables  to  check  for  out-of-range 
conditions  may  also  be  defined. 

The  VxWorks  version  of  sddscontrollaw  provides  most 
of  the  features  of  the  workstation  version.  Testing  for  out- 
of-range  conditions  is  handled  by  a  separate  workstation 
process  (sddspvtest)  that  communicates  out-of-range 
conditions  via  summary  EPICS  PVs.  The  use  of  an 
external  process  to  test  for  out-of-range  conditions 
significantly  reduces  the  IOC  load  when  the  number  of 
test  PVs  is  large.  The  VxWorks  version  is  controlled  by  a 
custom  EPICS  record  type  named  sddsLaunch.  This 
record  includes  an  array  field  that  is  loaded  with  a  text 
string  containing  sddscontrollaw  configuration  file  names 
and  options.  One  sddsLaunch  record  is  required  for  each 
instance  of  sddscontrollaw.  For  the  datapool  orbit  control 
case,  two  such  records  are  required  -  one  for  each  plane. 

Porting  sddscontrollaw  to  VxWorks  required  modifying 
not  only  the  sddscontrollaw  code,  but  also  all  the  SDDS 
libraries.  Several  factors  conspired  to  increase  the 
difficulty  of  this  port.  The  original  sddscontrollaw  made 
extensive  use  of  the  EPICS  EZCA  library,  which  is  not 
available  under  VxWorks.  Thus  all  SDDS  channel  access 
routines  had  to  be  rewritten  in  native  EPICS  channel 
access  (CA)  calls.  Another  major  change  to  the  code 
involved  aggressively  going  after  memory  leaks,  no 
matter  how  small,  because  VxWorks,  unlike  other 
operation  systems,  does  not  release  memory  after  a  task 
exits.  The  difficulty  of  this  task  was  increased  because  the 
original  code  was  written  to  exit  without  memory 
deallocation  upon  encountering  an  error.  The  code  also 
contained  many  global  variables  that  would  confound 
running  multiple  instances  of  control-law.  This  problem 
was  solved  by  placing  the  global  variables  in  a  large 
structure,  which  is  accessible  through  a  VxWorks  task 
variable  pointer,  thus  making  the  structure  private  to  the 
task. 

Additional  problems  arose  because  the  original  SDDS 
libraries  were  not  written  to  be  reentrant.  Thus,  if  there 
was  more  than  one  instance  of  sddscontrollaw  running  on 
an  IOC,  odd  problems  would  occasionally  occur.  This 
problem  was  overcome  by  loading  a  separate  but  identical 
instance  of  SDDS  libraries  for  each  sddscontrollaw. 

Local  steering  is  accomplished  by  aborting 
sddscontrollaw  for  the  plane  to  be  steered,  suspending  the 


other  plane,  loading  a  new  configuration  that  combines 
both  planes,  and  restarting  sddscontrollaw.  Upon 
completion  of  the  steering,  sddscontrollaw  is  again 
aborted  and  restarted  with  the  original  orbit  control 
configuration.  The  suspended  plane  is  also  restarted. 

We  encountered  random  and  severe  problems  with  the 
initial  port  of  sddscontrollaw  to  VxWorks  following  an 
abort.  The  IOC  was  left  in  a  state  that  required  reboot. 
The  exact  failures  were  not  repeatable  and  occurred  about 
10%  of  the  time.  The  exact  cause  was  not  identified,  but 
we  suspect  it  was  associated  with  ancillary  tasks  spawned 
by  channel  access  (CA).  Since  all  the  EPICS  process 
variables  are  local  to  the  datapool  IOC,  a  second  version 
of  sddscontrollaw  was  created  that  used  EPICS  database 
access  in  place  of  CA.  This  version  ran  significantly 
faster  and  eliminated  the  failures  we  experienced  when 
aborting  sddscontrollaw.  The  datapool  IOC  now  uses  the 
database  access  version  of  sddscontrollaw. 

The  horizontal  and  vertical  control-laws  operate 
independently  each  using  an  instance  of  sddscontrollaw. 
Each  plane  uses  80  correctors  (two  per  sector).  This 
allows  compensation  for  perturbations  from  individual 
insertion  device  gap  changes.  The  vertical  plane  uses  80 
rf  BPMs,  including  all  the  narrowband  BPMs,  and  all  the 
available  BM  x-ray  BPMs.  Thus,  those  sectors  with  BM 
sources  use  four  BPMs.  Excluded  are  rf  BPMs  affected 
by  a  vacuum  chamber  higher-order  mode  [8]  that  gives  a 
strong  dependence  on  small  bunch  pattern  changes. 

All  available  rf  and  BM  BPMs  are  used  by  the 
horizontal-plane  sddscontrollaw.  The  vacuum  chamber 
higher-order  mode  mentioned  above  doesn’t  affect  the 
horizontal  position  readbacks. 

We  are  in  the  process  of  including  ID  x-ray  BPMs. 
These  BPMs  require  offset  feedforwarding  to  compensate 
for  effects  caused  by  ID  gap  changes.  At  the  time  of  this 
writing,  one  pair  of  ID  x-ray  BPMs  is  included. 

OPERATOR  INTERFACE 

The  graphical  user  interfaces  (GUIs)  developed  for 
orbit  control  used  two  fundamental  principles  that  have 
governed  all  GUIs  developed  at  APS,  which  are,  sadly, 
not  widely  followed  elsewhere  but  are  worth  repeating 
here:  1)  Split  up  the  work  into  smaller  GUI  applications, 
which  may  be  usable  for  other  applications.  2)  Allow  the 
GUI  application  to  be  configurable  for  different  modes. 

The  operator  interface  for  orbit  control  has  been  split 
into  three  GUIs:  Modification  of  a  database  of  “good” 
BPMs  and  correctors  for  OC,  creation  of  corrector  and 
BPM  configuration  files,  and  orbit  control. 

The  GUI  for  maintaining  a  database  of  “good”  BPMs 
and  correctors  is  configurable  for  either  “corrector”  or 
“BPM”  mode.  This  database  also  includes  fields  for 
whether  or  not  a  BPM  or  corrector  exists,  is  valid  for 
logging,  is  available  for  DC  OC,  is  available  for  RTFB, 
etc.  The  database  contains  about  20  fields  for  BPMs  and 
six  fields  for  correctors,  many  of  which  are  usefiil  for 
applications  other  than  OC. 
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The  files  related  to  corrector  and  BPM  configurations 
for  the  DC  OC  and  the  RTFB  are  handled  by  a  GUI 
configured  by  a  base  directory  unique  to  the  DC  and 
RTFB  correction  systems.  The  datapool  and  workstation 
configurations  saved  for  DC  OC  are  distinguished  by 
parameter  data  saved  at  the  time  of  the  creation  of  the 
configuration. 

To  simplify  operations,  the  same  GUI  is  used  to  operate 
DC  OC  in  either  datapool  or  workstation  mode.  A 
“START”  button  executes  all  the  necessary  setup 
commands  and  launches  an  sddscontrollaw  process  in 
either  a  workstation  or  datapool  as  determined  from  the 
parameter  data  read  from  the  entered  configuration  name. 

The  setup  commands  that  are  common  for  both  modes 
of  OC  consist  of  aborting  any  previous  instance  of 
sddscontrollaw,  asserting  the  correct  operation  mode  of 
the  correctors.  Setting  up  BPM  averaging,  and  writing 
status  to  several  “In  Use”  corrector  and  BPM  EPICS 
process  variables. 

In  datapool  mode,  there  are  additional  steps  to  initialize 
vector  PVs  for  corrector  set  points,  BPM  offsets  and  set 
points,  and  RTFB  BPM  set  points.  Differences  between 
the  vector  PVs  and  the  scalar-equivalent  PVs  outside  of 
the  datapool  IOC  are  calculated  and  significant 
differences  are  reported. 

INTEGRATION  WITH  REAL-TIME 
FEEDBACK 

Increasing  the  OC  iteration  rate  from  0.4  Hz  (2.5- 
second  iteration  interval)  to  20  Hz  increases  its  correction 
bandwidth  from  0.025  Hz  to  1.3  Hz.  Since  the  AC 
coupled  RTFS’s  correction  bandwidth  extends  down  to 
approximately  0.02  Hz,  the  range  where  the  two  systems 
overlap  is  significantly  increased.  If  no  precautions  are 


taken,  when  OC  and  RTFS  are  run  simultaneously  they 
will  tend  to  “fight”  each  other  within  their  shared  overlap 
band.  The  lower  cutoff  of  RTFS  could  be  increased  to 
reduce  the  overlap.  Thus  one  is  faced  with  trading  off 
overlap  and  the  resulting  “fighting”  wdth  no  overlap  and 
the  resultant  dead  band  where  no  correction  occurs.  This 
issue  is  of  increased  importance  with  the  higher 
bandwidth  OC,  since  insertion  device  gap  changes  near 
minimum  gap  contribute  to  significant  beam  perturbations 
below  1  Hz. 

An  overlap  compensation  scheme  has  been  developed 
[9]  and  implemented  that  allows  the  two  systems  to 
overlap  and  operate  with  reduced  fighting  in  the  overlap 
band.  The  scheme  is  based  on  DC  OC  applying  feed¬ 
forward  to  subtract  its  anticipated  orbit  perturbations  from 
RTFS  BPM  set  points.  This  effectively  “blinds”  RTFS  to 
DC  OC  orbit  changes,  thus  allowing  the  two  systems  to 
overlap  without  fighting  and  avoid  a  dead  band  where  no 
orbit  correction  occurs. 

RESULTS 

The  measured  total  IOC  processor  load  running  both 
orbit  control  planes  was  measured  as  13%,  25%,  39%, 
52%,  and  91%  at  iteration  rates  of  0,  10,  20,  30,  and  60 
Hz.  Currently  both  planes  run  at  20  Hz. 

X-ray-beamline  insertion  device  (ID)  gap  changes  near 
minimum  gap  cause  significant  beam  perturbations  below 
1  Hz.  Increasing  the  bandwidth  of  the  DC  orbit  correction 
combined  with  OC/RTFS  overlap  compensation  reduces 
the  perturbations  from  these  moving  ID  gaps.  Figure  3 
shows  the  effect  of  ID  gap  changes  for  OC  running  on  the 
datapool  IOC  at  iteration  intervals  of  2.2,  0.8,  and  0.1 
seconds.  It  is  expected  that  OC  running  at  20  Hz  wall 
reduce  these  perturbations  further. 
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PLANNED  IMPROVEMENTS 

Presently  the  orbit  control  programs  sample  the  BPM 
vectors  asynchronously  at  a  rate  derived  from  the 
VxWorks  60-Hz  system  clock.  We  plan  to  add  a 
mechanism  to  facilitate  synchronizing  sddscontrollaw 
iterations  with  the  decimated  BPM  sample  rate. 

As  mentioned  previously,  the  IOC  processor  presently 
used  is  a  366-MHz  Motorola  MVME2700.  We  have  in 
house  a  450-MHz  Motorola  MVME5100  that  we  plan  to 
install,  and  anticipate  this  will  allow  OC  to  run  at  even 
higher  iteration  rates. 

CONCLUSION 

The  orbit  control  code  used  at  APS  on  workstations  has 
been  ported  to  VxWorks  and  now  runs  on  an  IOC 
processor.  This  has  allowed  orbit  control  to  run  at  20  Hz, 
which  is  50  times  the  rate  used  prior  to  addition  of  the 
datapool  IOC.  A  primary  benefit  has  been  a  significant 
reduction  in  orbit  perturbations  due  to  insertion  device 
gap  changes  near  minimum  gap. 
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CONTROL  SYSTEMS  ON  LOW  COST  COMPUTERS 

Ernest  L.  Williams  Jr.,  Greg  S.  Lawson,  ORNL,  Oak  Ridge,  TN  37830,  USA 

Abstract 


Computing  infrastructures  for  accelerator  control 
systems  can  now  be  built  using  low  cost,  commodity-t5fpe 
computers.  The  commonly  used  EPICS  control  system 
toolkit  has  been  adapted  to  facilitate  its  deployment  on 
Pentium-based  PCs  running  the  Linux  operating  system, 
as  well  as  on  other  inexpensive  platforms. 

Low-cost,  reliable  enterprise-class  computers  can  be 
obtained  from  many  commercial  vendors  for  such  control 
system  network-based  services  as  Domain  Name  Service 
(DNS),  Network  Information  Services  (NIS),  and 
Dynamic  Host  Configuration  Protocol  (DHCP).  Control 
system  file  servers  can  also  be  configured  using 
inexpensive  rack-mounted  PCs  and  multiple  monitor 
operator  consoles  can  be  built  with  Linux-based  PCs  or 
standard  X-windows  software  with  high  performance 
video  graphic  adapters.  At  the  front  end  of  the  control 
system,  input-output  controllers  can  be  configured  also  as 
PCs  running  embedded  Windows. 

Several  accelerator  laboratories,  including  the  Spallation 
Neutron  Source  (SNS)  at  the  Oak  Ridge  National 
Laboratory  are  taking  advantage  of  these  possibilities. 

This  paper  will  review  the  use  of  inexpensive  computers 
in  the  accelerator  community,  with  particular  emphasis  on 
the  issues  and  applications  at  SNS. 

1  INTRODUCTION 

Commodity  based  personal  computers  (PCs)  are  starting 
to  play  a  larger  role  in  the  accelerator  community.  PCs 
running  the  Linux  operating  system  (OS)  have  already 
begun  replacing  the  traditional  SUN  Solaris  and  HP-UX 
control  system  file  servers.  Many  of  the  accelerator  labs 
have  introduced  the  PC  to  achieve  the  flexibility  of 
choosing  non-proprietary  hardware  and  software.  This 
flexibility  allows  a  combination  of  both  an  **open  source” 
and  a  commercial  software  mix  at  some  labs.  For 
example,  the  control  system  enterprise  file  servers, 
database  servers,  and  network  support  servers  can  be  run 
using  Linux  while  smart  embedded  front-end  processors 
can  be  based  on  Windows  Embedded  XP.  The  EPICS 
developer  community  has  strived  to  make  the  control 
system  software  toolkit  LINUX  and  WIN32  ready.  The 
recent  introduction  of  an  operating  system  independent 
(OSI)  version  of  EPICS  (3.14.x)  [1]  facilitates  its  use  on 
commodity-type  PCs  running  the  OS  of  your  choice.  The 
large  base  of  PC  vendors  helps  to  optimize  cost, 
reliability,  and  availability.  We  discuss  below  some  of 
the  control  system  Integration  issues,  t^endor  support, 
reliability,  and  remote  management.  We  also  summarize 
how  some  accelerator  labs  deploy  and  use  commodity- 
type  PCs  at  their  facility. 


2  ARCHITECTURE 

The  low  cost  of  PC-based  servers  allow  the  controls 
system  infrastructure  to  use  a  de-centralized  “black-box” 
appliance  architecture  (DBA).  The  DBA  architecture 
allows  each  PC  to  perform  one  job  and  one  job  only.  This 
reduces  the  load  on  each  server  and  increases  the 
reliability.  Think  of  this  is  as  “one  box”  -  “one  service”. 
For  example,  one  box  for  DHCP,  one  box  for  DNS,  one 
box  for  NIS,  one  box  for  an  EPICS  archiver,  one  box  for 
an  EPICS  alarm  handler,  one  box  for  an  EPICS  front-end 
process  boot  server,  etc...  Figure  1  shown  below 
illustrates  the  concept  of  DBA. 


The  DBA  architecture  also  lends  itself  to  taking 
advantage  of  external  storage  solutions  such  as  network 
attached  storage  (NAS)  appliances.  The  cost  of  external 
storap  continues  to  go  dovra.  Having  the  option  of  using 
multiple  PCs  gives  the  control  system  designer  freedom  to 
choose  the  CPU  architecture  specific  for  the  application. 
Taking  a  look  at  the  various  choices  with  Intel  processors: 
Intel  Itanium  2  —  High-end  number  crunching 
servers 

Intel  Xeon  —  High-end  file  server  applications 
Intel  Pentium  4  —  Human  machine  interface 
(HMI)  workstations. 

Intel  Pentium  4  Mobile  --  Mobile  HMI  used  for 
control  system  maintenance  activity. 

Since  Moore’s  Law  continues  to  hold  even  after  38  years; 
current  PC  bus  architectures  will  have  to  change  to  keep 
up  with  the  continued  enhancements  in  the  processor 
world.  The  next  generation  bus  technology  is  needed  due 
to  the  increased  I/O  demands  for  high-bandwidth  and  low 
latency  control  system  applications.  Applications  such  as 
real-time  video  over  Gigabit  Ethernet,  fiber  channel  data 
storage  applications,  and  high-performance  graphics 
applications  require  better  bus  performance.  PCI-64 
boasts  a  transfer  rate  of  264  Mbytes/sec.  What  will  be 
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next  after  PCI  bus?  PCI-X  offers  a  short  term  interim 
solution  with  a  bus  throughput  of  about  one  Gigabyte  per 
second.  PCI  Express  a  serial  I/O  technology  will  provide 
bandwidth  up  to  16  Gigabytes  per  second  and  supports 
chip-to-chip  level  interfaces.  Infiniband  is  another 
promising  prospective  bus  technology.  Infiniband  is  a 
serial  switch-based  architecture  and  specification  for 
moving  data  between  processors  and  I/O  devices.  This 
new  bus  technology  offers  a  throughput  of  up  to  10 
Gigabytes  per  second.  There  are  already  products  based 
on  Infiniband  on  the  market  for  external  peripherals.  The 
standard  PC  serial  (i.e.  RS232)  interface  is  being  taken 
over  by  Universal  Serial  Bus  (USB)  and  FireWire  (IEEE 
1394).  The  next  generation  commodity- type  PC  will 
probably  use  PCI  Express  for  chip  level  interfaces  and 
graphics  adapters  while  storage  and  other  high-speed 
peripherals  will  use  the  Infiniband  technology. 


3  REMOTE  MANAGEMENT  AND 
MAINTENANCE 

Most  facilities  deploy  a  combination  of  centralized 
and  distributed  computers  across  the  control  system 
enterprise  and  must  deal  with  remote  management  and 
maintenance  issues.  Remote  Health  monitoring  and  PC 
hardware  management  can  be  subdivided  into  three 
categories: 

1 .  Low-level  system  monitoring/management 

2.  Operating  system  monitoring/management 

3.  Network  system  monitoring/management 
Remote  Health  monitoring  and  PC  hardware 

management  can  be  done  effectively  using  industry 
standard  approaches.  Remote  management  is  now  a 
commodity  since;  most  PC  vendors  now  provide  the 
Intelligent  Platform  Management  Interface  (IPMI) 
standard  especially  for  their  high-end  servers.  IPMI  is  a 
standardized,  abstracted,  message-based  interface  to 
intelligent  platform  management  hardware  [2].  Health 
monitoring  hardware  based  on  IPMI  is  used  to  track 
system  parameters  such  as  fan  speed,  temperature, 
voltages,  processor  statistics,  etc...  Facilities  with 
heterogeneous  server  environments  can  take  advantage  of 
the  interoperability  of  IPMI.  Remote  power-off/reset, 
firmware  updates,  and  hardware  inventory  is  also 
supported  via  IPMI.  The  promoters  of  IPMI  include  well- 
known  manufactures  such  as  Intel,  Dell,  Hewlett  Packard, 
and  NEC.  All  SNS  control  system  servers  are  IPMI 
compliant.  The  SNS  uses  the  DELL  PowerEdge  server 
line  for  many  of  the  applications.  DELL  provides  a  third- 
party  software  tool  called  Dell  OpenManage  (see  figure  2) 
that  integrates  with  their  IPMI  compliant  servers 


In  a  heterogeneous  environment  the  challenge  of 
keeping  tabs  on  the  operating  systems  services  and 
daemons  can  be  difficult.  There  are  many  commercial 
and  open-source  solutions  that  will  do  the  job.  The  idea  is 
to  select  a  software  solution  that  is  client/server  based 
which  queries  monitored  services  across  the  network  and 
displays  system  status  on  a  “user  fiiendly”  interface.  A 
software  solution  that  uses  the  simple  network 
management  protocol  (SNMP)  will  also  help  maintain 
interoperability  across  systems.  Critical  network  services 
that  may  support  the  control  system  network  such  as 
DNS,  NIS,  and  DHCP  usually  run  on  a  server  class  PC 
and  must  be  checked  for  availability.  Automatic 
notification  of  the  appropriate  control  system  or 
information  Technology  (IT)  personnel  can  be 
challenging  if  the  enterprise  is  behind  a  firewall.  The 
need  to  perform  periodic  software  updates,  bug  fixes,  and 
security  patches  remotely  across  many  platforms  warrants 
reliable  and  robust  software  distribution  tools.  The  SNS 
control  system  will  standardize  on  Microsoft  System 
Management  Software  (SMS)  for  software  distribution 
management  on  beam  diagnostics  Windows  XP  systems. 

The  SNS  has  also  standardized  on  the  Red  Hat  Linux 
OS  and  will  use  a  combination  of  open  source  and 
commercial  solutions  for  software  management  and 
system  monitoring.  In  a  client/server  environment  the 
network  health  is  also  critical  and  must  be  monitored  as 
well.  The  open  source  community  and  commercial 
vendors  provide  many  cost  effective  solutions  for 
monitoring  and  managing  networks.  The  SNS  uses  a 
combination  of  HP  Open  VIEW  and  CISCO  Works  2000 
to  monitor  and  manage  the  accelerator  network.  We  are 
currently  at  work  to  integrate  the  health  monitoring  of  the 
entire  control  system  infrastructure  into  EPICS. 


4  FRONT-END  PROCESSORS 

The  days  of  the  minicomputer  and  CAMAC  I/O  as  a 
front-end  processor  (FEP)  have  long  been  over.  We 
find  that  VMEbus/VXIbus  is  still  the  most  popular  FEP 
implementation.  However,  another  player  has  been 
carving  out  its  place  as  a  FEP  in  the  accelerator 
community.  Well,  now  commodity-type  PCs  are 
consistently  becoming  the  “first  draft”  pick.  Rack 
mount  PCs  offer  an  amazing  amount  of  processing 
power  for  the  cost.  The  large  quantity  of  I/O  modules 
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available  for  PCs  continues  to  increase  allowing 
accelerator  control  systems  engineers  flexibility  in 
design  and  implementation. 

The  SNS  plans  to  use  about  four  hundred  rack-mount 
PCs  as  FEPs  for  the  beam  diagnostics  control  system. 
There  are  already  beam  diagnostic  FEPs  installed  and 
running  on  the  SNS  ffont-End  section  of  the  LINAC. 
The  FEPs  for  the  beam  diagnostics  are  thought  of  as 
network  attached  diagnostics  (NADS)  [3].  The  Beam 
Diagnostics  group  has  chosen  the  NAD  approach  to 
provide  a  stand-alone  FEP  for  each  beam  diagnostic 
sensor.  An  example  of  the  SNS  Beam  Position  Monitor 
(BPM)  NADS  versus  the  traditional  VME-based  FEP  is 
shown  in  figure  3. 


Currently  the  NADS  are  running  on  top  of  Windows  XP 
Embedded  OS.  The  NAD  applications  are  developed 
and  run  in  Lab  VIEW.  Careful  configuration  of  the  OS 
and  application  programming  with  LabVIEW  ensures 
the  reliability  and  robustness  of  the  system.  LabVIEW 
was  selected  as  the  programming  environment  for  the 
NADS  because  of  its  rapid  software  prototyping  ability. 
The  PC-based  platform  chosen  for  the  NADS  allows 
the  selection  of  an  OS  and  software  toolkit  to  be 
application  driven.  For  applications  that  require  a  hard 
real-time  OS  a  commercial  solution  such  as  VxWorks 
or  an  open  source  solution  like  RTEMS  can  be  used. 
Real-time  performance  can  also  be  achieved  by  putting 
more  of  the  processing  burden  in  Field  Programmable 
Gate  Arrays  (FPGA)  s.  Many  of  the  PCI  I/O  cards  used 
for  the  beam  diagnostics  sensors  are  built  around 


PPGAs.  The  use  of  operating  system  independent 
software  such  as  EPICS  R3.14  gives  the  control  system 
engineer  the  freedom  to  architect  the  combination  of 
commodity-type  PC  and  software  for  a  sound  FEP 
blueprint. 


5  CONCLUSION 

An  outlook  towards  the  future  shows  commodity-type 
PCs  playing  an  ever-increasing  role  in  the  accelerator 
community.  The  continuing  advances  in  PC  processor, 
memory,  peripherals,  and  bus  technologies  will  keep 
performance  high  and  costs  low.  Commercial  software 
companies  are  embracing  the  open-source  model  and 
delivering  high-end  applications  on  PC  platforms.  Do  low 
cost  PCs  imply  a  decrease  in  high  availability?  Many 
hardware  and  software  vendors  are  evolving  their 
technical  support  model  to  provide  high-quality  24x7 
support.  Even  the  open  source  OS  software  vendors  are 
evolving  the  software  configuration  and  release  cycle  to 
provide  better  performance  and  stability.  One  example  of 
this  is  the  recent  introduction  of  the  “Linux  Advanced 
Server  and  Workstation**  from  Red  Hat  Inc.  A  survey  of 
other  accelerator  labs  on  the  use  of  PCs  for  control 
systems  showed  that  integration  of  PCs  into  new  and 
existing  facilities  is  still  on  the  rise.  The  Swiss  Light 
Source  (PSI)  has  led  the  way  in  building  their  entire 
control  system  infrastructure  on  commodity-type  PCs 
except  for  the  use  of  VME-based  FEPs.  The  SNS  will 
also  continue  to  deploy  its  control  system  on  top  of 
commodity-type  PCs  with  a  mix  of  both  VME/VXI  and 
PC  front-end  processors. 
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Abstract 

High  level  beam  dynamics  applications  typically  require 
access  to  several  distributed  components,  among  which 
the  hardware  control  system  and  an  accelerator  simulation 
model  are  cmcial.  A  CORBA  Application  Program  Inter¬ 
face  (API)  provides  clients  with  the  necessary  objects  with 
which  to  develop  even  the  most  complex  of  applications. 
This  is  exemplified  by  the  global  orbit  feedback  system  at 
the  SLS  which  is  both  a  consumer  to  event  generated  data 
and  a  party  to  remote  method  invocations  on  a  variety  of 
servers.  In  particular,  use  is  made  of  methods  provided  by 
the  Portable  Object  Adapter  (POA)  to  create  and  activate 
persistent  objects,  the  Implementation  Repository  (IMR) 
for  the  automatic  reactivation  of  servers  and  the  Event  Ser¬ 
vice  for  the  propagation  of  controls  and  physics  data. 

INTRODUCTION 

A  considerable  number  of  high-level  beam  dynamics 
(BD)  applications  have  been  developed  for  the  operation 
and  monitoring  of  the  SLS  accelerator  facilities.  Fig.  1 
captures  typical  components  required  by  BD  applications. 
Their  number  and  demand  on  computer  resources  moti¬ 
vated,  in  part,  a  desire  for  a  distributed  computing  envi¬ 
ronment.  To  this  end,  the  Common  Object  Request  Bro¬ 
ker  (CORBA),  an  emerging  standard  for  Distributed  Object 
Computing  (DOC),  has  been  employed.  Its  use  at  the  SLS 
has  allowed  to  realize  the  potential  benefits  of  distributed 
computing,  and  to  simultaneously  exploit  features  inherent 
to  CORBA  such  as  the  interoperability  between  objects  of 
different  race  (language)  and  creed  (platform).  Complex 


Figure  1:  DOC  components  serving  BD  applications 

tasks,  such  as  the  modeling  of  the  SLS  accelerators,  can 
thus  be  handled  by  dedicated  computers,  and  developed 
into  reusable  components  that  can  be  accessed  through  re¬ 
mote  method  invocations.  Persevering  with  the  notion  of 
DOC  and  developing  the  entire  suite  of  BD  components 
as  CORBA  objects,  further  elevates  the  level  at  which  ap¬ 
plications  are  designed  and  implemented.  Platforms  host¬ 
ing  high-level  software  applications  are  no  longer  limited  to 


the  libraries  and  extensions  available  to  the  host  operating 
system  as  the  introduction  of  a  CORBA  middleware  layer 
serves  to  extend  the  developers  chosen  programming  lan¬ 
guage.  BD  application  developers  are,  henceforth,  able  to 
focus  on  the  specifics  of  the  application  at  hand,  such  as  de¬ 
termining  user-friendly  Graphical  User  Interfaces  (GUIs), 
rather  than  stmggle  with  the  intricate  internals  of  numer¬ 
ous  Application  Program  Interfaces  (APIs)  and  low-level 
communication  protocols. 

THE  CORBA  ARCHITECTURE 

The  most  fundamental  component  of  CORBA  is  the  Ob¬ 
ject  Request  Broker  (ORB)  whose  task  is  to  facilitate  com¬ 
munication  between  objects.  Given  an  Interoperable  Ob¬ 
ject  Reference  (lOR),  the  ORB  is  able  to  locate  target  ob¬ 
jects  and  transmit  data  to  and  from  remote  method  invo¬ 
cations.  The  interface  to  a  CORBA  object  is  specified  us¬ 
ing  the  CORBA  Interface  Definition  Language  (IDL).  An 
IDL  compiler  translates  the  IDL  definition  into  an  applica¬ 
tion  programming  language,  such  as  C++,  Java  or  Tcl/Tk, 
generating  IDL  stubs  and  skeletons  that  respectively  pro¬ 
vide  the  framework  for  client-side  and  server-side  proxy 
code.  Compilation  of  applications  incorporating  IDL  stubs 
provides  a  strongly-typed  Static  Invocation  Interface  (SII). 
Conversely,  the  Dynamic  Invocation  Interface  (DII)  and  the 
Dynamic  Skeleton  Interface  (DSI)  allows  objects  to  be  cre¬ 
ated  without  prior  knowledge  of  the  IDL  interface.  Re¬ 
quests  and  responses  between  objects  are  delivered  in  a 
standard  format  defined  by  the  Internet  Inter-ORB  Protocol 
(HOP).  Requests  are  marshaled  in  a  platform  independent 
format,  by  the  client  stub  (or  in  the  DII),  and  unmarshaled 
on  the  server-side  into  a  platform  specific  format  by  the 
IDL  skeleton  (or  in  the  DSI)  and  the  object  adapter,  which 
serves  as  a  mediator  between  an  object’s  implementation, 
the  servant,  and  its  ORB,  thereby  decoupling  user  code 
from  ORB  processing.  The  Portable  Object  Adapter  (POA) 
provides  CORBA  objects  with  a  common  set  of  methods 
for  accessing  ORB  functions,  ranging  from  user  authenti¬ 
cation  to  object  activation  and  object  persistence.  It’s  mpk 
basic  task,  however,  is  to  create  object  references  and  to 
dispatch  ORB  requests  aimed  at  target  objects  to  their  re- 
spective  servants.  The  characteristics  of  the  POA  are  de¬ 
fined  at  creation  time  by  a  set  of  POA  policies.  A  server 
can  host  any  number  of  POAs,  each  with  its  own  set  of^ 
policies  to  govern  the  processing  of  requests.  Among  the 
more  advanced  features  of  the  POA  is  the  servant  manager 
which  assumes  the  role  of  reactivating  server  objects  (ser¬ 
vants)  as  they  are  required.  It  also  provides  a  mechanism 
to  save  and  restore  an  object’s  state.  This,  coupled  with  the 
use  of  the  Implementation  Repository  (IMR),  that  handles 
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the  automated  start  and  restart  of  servers,  realizes  object 
persistency.  Requests  for  server  reactivation  can,  alterna¬ 
tively,  be  delegated  to  a  single  default  servant  which  pro¬ 
vides  implementations  for  many  objects,  thereby  increas¬ 
ing  the  scalability  for  CORBA  servers.  Fig.  2  shows  the 


Figure  2:  The  CORBA  client-server  architecture 


components  of  the  CORBA  architectural  model.  The  ORB 
core  is  implemented  as  a  mntime  library  linked  into  client- 
server  applications. 

Client  and  Server  Perspectives 

Despite  the  plethora  of  new  teims  and  concepts  intro¬ 
duced,  CORBA,  nevertheless,  remains  tme  to  the  DOC 
objective  of  providing  developers  with  familiar  object- 
oriented  techniques  with  which  to  program  distributed  ap¬ 
plications.  Indeed,  from  the  client  perspective,  once  an  lOR 
is  obtained  (typically  from  a  Naming  Service  which  maps 
names  to  object  references)  a  remote  method  invocation  es¬ 
sentially  takes  on  the  appearance  of  a  local  function  call: 
object->operation(arguments)  j  whilst  the  communica¬ 
tion  details  of  client-server  programming  are  essentially 
hidden  from  the  client,  a  more  intimate  involvement  with 
the  ORB  is  required  when  developing  servers.  In  particu¬ 
lar  appropriate  POA  policies  need  to  be  chosen  to  config¬ 
ure  object  adapters  that  best  fulfill  the  requirements  of  the 
server. 

Exploiting  the  POA 

Transient  and  persistent  objects  are  two  categories  of  ob¬ 
jects  that  relate  to  the  lifespan  policies  of  the  POA.  A  tran¬ 
sient  object  is  short-lived  with  a  lifetime  that  is  bounded 
by  the  POA  in  which  it  was  created.  A  persistent  object, 
on  the  other  hand,  is  long-lived  with  a  lifetime  that  is  un¬ 
bounded.  It  can  consequently  outlive  the  very  server  pro¬ 
cess  wherein  it  was  created.  This  has  several  advantages. 
A  server  may  be  shutdown  whenever  it  is  not  needed  to 
save  resources.  Server  updates  can  be  implemented  trans¬ 
parently  by  restarting  the  server.  In  developing  a  DOC  en¬ 
vironment,  the  command  to  start  a  server  may  be  replaced 
with  a  remote  shell  invocation  and  the  next  server  instance 
run  remotely,  without  the  client  being  aware.  Persistent 
objects  also  maintain  their  identify  after  a  server  crash. 
Whilst  the  POA  supports  and  Implements  persistent  ob¬ 
jects,  it  does  not  handle  the  administrative  aspects  of  server 
activations.  This  is  managed  by  the  IMR  which  stores  an 
activation  record  for  each  server  process;  it  is  consulted  au¬ 
tomatically  whenever  a  (re-)launch  of  a  server  is  mandated. 


Thus,  by  virtue  of  the  capabilities  of  the  POA,  and  the  ac¬ 
tivation  techniques  of  the  IMR,  BD  applications  are  never 
starved  of  the  servers  they  require. 

The  Event  Service 

A  reactive,  event-based,  form  of  programming  is  also 
supported  by  the  CORBA  Event  Service  which  provides 
services  for  the  creation  and  management  of  CORBA 
event  channels.  These  may  be  used  by  CORBA  sup¬ 
plier/consumer  clients  to  propagate  events  asynchronously 
on  a  push  or  pull  basis.  Event  channels  are  created  and  reg¬ 
istered  with  the  CORBA  Naming  Service  allowing  clients 
to  obtain  object  references  in  the  usual  manner.  Commu¬ 
nication  is  anonymous  in  that  the  supplier  does  not  require 
knowledge  of  the  receiving  consumers.  The  CORBA  Event 
Service  has  been  usefully  employed  in  the  monitoring  of 
hardware  devices  and  in  the  distribution  of  recalibrated  data 
to  client  consumers. 

THE  SLS  CORBA  SERVERS 

Server  objects,  typically  of  persistent  type,  have  been 
developed  using  the  CORBA  2.3  compliant  product 
MICO  [1].  The  services  which  these  objects  provide  are 
briefly  reported  here  (for  a  more  details  see  [2]  and  [3]): 
Accelerator  Model:  A  dedicated  host  (“M.'o'c!  '  er”  in 

Fig.  3)  runs  the  servers  (“TRACY  Servers”)  that  perform 
the  modeling  of  transfer-lines,  booster  and  storage  ring. 
Procedures  utilize  selected  routines  from  the  TRACY  ac¬ 
celerator  physics  library  [4],  enabling  clients  to  employ  ac¬ 
celerator  optimization  methods  online. 

Device  Controls:  The  CDEV  C++  class  controls  library 
provides  the  API  to  the  EPICS-based  accelerator  device 
control  system.  The  “CDEV  Server”  running  on  the 
host  “CORBA  Server”  supplies  functionality  for  both  syn¬ 
chronous  and  asynchronous  interactions  with  the  control 
system.  Monitored  devices  and  recalibrated  data  are  prop¬ 
agated  to  clients  through  CORBA  event  channels.  Re¬ 
cently  an  interface  to  the  EZCA  C  controls  library  (“EZCA 
Server”)  has  been  added  for  increased  performance. 
Database  Access:  A  database  server  provides  access  to  Or¬ 
acle  instances  through  the  Oracle  Template  Library  (OTL) 
and  the  Oracle  Call  Interface  (OCI).  Methods  executing 
SQL  statements  that  perform  database  retrieval  and  mod¬ 
ification  operations  have  been  provided. 

Logging  Facility:  A  CORBA  message  server  has  been  de¬ 
veloped  using  the  the  UNIX  syslog  logging  facility.  Run¬ 
time  messages  are  sent  to  the  logger  with  various  priority 
levels,  the  threshold  for  which  can  be  adjusted  dynamically 
for  any  given  servant. 

A  COMPLEX  CORBA  APPLICATION 

One  of  the  most  complex  CORBA  applications  at  the 
SLS  is  the  implementation  of  a  slow  and  the  system  inte¬ 
gration  of  a  fast  global  orbit  feedback  system.  The  system 
is  based  on  72  Beam  Position  Monitors  (BPMs)  and  72 
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correctors  in  the  horizontal  and  vertical  plane  distributed 
around  the  storage  ring.  The  corrector/BPM  response  ma¬ 
trix  is  “inverted”  using  SVD  in  case  of  a  non  quadratic  re¬ 
sponse  matrix  taldng  into  account  all  eigenvalues. 

The  realization  of  the  global  orbit  feedback  has  been  car¬ 
ried  out  in  two  steps.  A  Slow  Orbit  Feedback  (SOFB)  with 
relaxed  requirements  (<  3  Hz  correction  rate)  is  in  oper¬ 
ation  since  August  2001  [5].  The  experience  gained  with 
the  various  subsystems  served  as  a  basis  for  the  implemen¬ 
tation  of  a  Fast  Orbit  Feedback  (FOFB)  (4  KHz  orbit  sam¬ 
pling  rate)  which  is  presently  under  commissioning  [6], 

The  Slow  Orbit  Feedback  (SOFB) 

Since  the  beginning  of  SLS  operation  global  orbit  cor¬ 
rections  have  been  successfully  applied  manually  by  the 
operators  with  the  help  of  the  Tcl/Tk  CORBA  GUI  “oco 
Client”.  Due  to  the  inherent  modularity  of  the  CORBA 
environment,  thoroughly  tested  underlying  CORBA  com¬ 
ponents  like  the  ‘TRACY  Server'’  and  the  “CDEV  Server'’ 
could  be  combined  to  implement  the  SOFB.  In  this  case 
the  operator  is  “replaced”  by  a  C++  CORBA  client  (“Feed¬ 
back  Client”)  which  initiates  an  orbit  correction  at  a  given 
rate  (see  Fig.  3).  For  the  SOFB  the  digital  BPM  system  [7] 
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Figure  3:  Schematic  View  of  the  SOFB:  the  “Feedback 
Client”  on  the  “X’.i  je;  Scr'.cr”  level  replaces  the  opera¬ 
tor  driven  GUI  “oco  Client”  on  the  “Console”  level.  It 
gets  BPM  data  from  the  “BPM  Server”,  asks  the  “TRACY 
Server”  for  the  model  predicted  corrector  pattern  and  ap¬ 
plies  the  correction  through  the  “CDEV  Server”. 


The  Fast  Orbit  Feedback  (FOFB) 

In  the  SLS  storage  ring  a  properly  chosen  BPM/corrector 
layout  leads  to  an  “inverted”  response  matrix  where  only 
the  diagonal  and  their  adjacent  coefficients  have  non  zero 
values.  Thus,  corrector  settings  are  only  determined  by  po¬ 
sition  readings  from  nearby  BPMs  [8].  This  feature  allows 
to  ran  the  FOFB  decentralized,  integrated  in  the  12  BPM 
stations  of  the  storage  ring  where  each  of  the  stations  han¬ 
dles  6  BPMs  and  correctors.  The  BPM  data  are  transmitted 
over  fiber  optic  links  between  adjacent  stations.  In  order  to 
provide  well  defined  starting  conditions  for  the  FOFB  the 
SOFB  corrects  the  orbit  to  <  5  /xm  rms.  The  FOFB  gets  ini¬ 
tialized  and  started  through  the  SOFB  which  downloads  the 
“Golden  Orbit”,  6x6  sub-matrices  of  the  “inverted”  72x72 
response  matrix,  1x6  sub-matrices  of  the  “inverted”  72x1 
off-energy  response  matrix  and  the  FOFB  loop  PID  param¬ 
eters  to  the  BPM  stations  (see  Fig.  3).  The  SOFB  continues 
to  ran  in  a  “watchdog”  like  passive  mode  without  touching 
any  corrector  other  than  the  RF  frequency.  But  it  keeps 
monitoring  BPM  and  corrector  values.  Whenever  a  BPM 
is  switched  off,  declared  faulty  or  a  corrector  is  close  to 
saturation  the  FOFB  is  stopped  and  restarted  with  adapted 
settings.  The  off-energy  content  of  the  horizontal  orbit  is 
taken  into  account  by  the  FOFB  but  corrected  by  the  SOFB. 

CONCLUSION 

CORBA  extends  the  capabilities  of  the  programming 
languages  used  by  BD  application  developers,  thereby  ele¬ 
vating  the  level  at  which  complex  applications  exemplified 
by  the  orbit  feedback  system  at  the  SLS  are  designed  and 
implemented.  The  flexibility  of  the  POA,  coupled  with  the 
server  activation  records  within  the  IMR,  can  be  exploited 
to  provide  a  robust  and  modular  client-server  framework. 
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MEASURING  AND  MATCHING  TRANSPORT  OPTICS 
AT  JEFFERSON  LAB 

Yu-Chiu  Chao,  Thomas  Jefferson  National  Accelerator  Facility,  Newport  News,  VA  23606 


Abstract 

Well-controlled  optical  transport  over  long  range  is  im¬ 
portant  for  many  types  of  nuclear  and  high  energy  physics 
experiments.  It  is  essential  in  achieving  the  desired  beam 
parameters,  minimizing  optical  sensitivity,  and  ensuring 
acceptable  helicity  correlated  orbit  differences  for  parity- 
type  experiments.  A  precise  and  rigorous  program  for 
evaluating  optical  matching  errors,  and  a  deterministic 
algorithm  for  obtaining  global  matching  solutions  thus 
holds  considerable  promise  for  both  accelerator  design 
and  operation,  although  the  latter  has  defied  attempts  so 
far  due  to  its  almost  intractable  complexity.  For  the 
CEBAF  accelerator  at  Jefferson  Lab,  this  difficulty  is 
further  exacerbated  by  the  extreme  matching  condition 
necessary  for  a  5  pass  recirculating  linac,  elements  that 
can  introduce  considerable  optical  error,  and  loss^of  long- 
range  difference  orbit  orthogonality  due  to  these  effects, 
all  of  which  impose  a  very  tight  demand  on  the  accuracy 
of  the  measured  transfer  matrix  as  input  to  the  matching 
algorithm.  Research  in  methods  for  both  measuring  and 
matching  optical  transport  has  led  to  recent  successful 
demonstration  of  deterministic  matching  of  the  optical 
transport  of  CEBAF.  The  global  nature  of  the  matching 
algorithm  allows  efficient  exploration  of  solutions  not 
easily  accessible  by  traditional  methods  and  serves  to 
signal  configuration  flaws  in  the  machine. 

INTRODUCTION 

The  CEBAF  accelerator  at  Jefferson  Lab  is  a  6  GeV,  re¬ 
circulating  linac  where  CW  electron  beam  is  recirculated  5 
times  through  2  linacs  before  being  delivered  to  3  nuclear 
physics  experiment  targets.  Complex  longitudinal  and 
transverse  beam  manipulations  take  place  during  this  6- 
kilometer  journey.  The  need  to  maintain  good  transport 
optics  at  CEBAF  is  mandated  by  the  following  reasons: 

1) .  containment  of  beam  envelope  and  orbit  fluctuation; 

2) .  minimal  optical  sensitivity  due  to  intermediate  betatron 
blowup,  even  if  corrected  at  the  end;  3).  control  of  phase 
space  damping  and  betatron  mismatch  to  levels  acceptable 
to  parity  experiments  in  eliminating  undesirable  helicity- 
correlated  beam  coordinates  on  target;  4).  manageable 


beam  profile  on  target. 

To  meet  the  ever  more  stringent  demands  for  matching 
transport  optics  at  CEBAF,  a  program  has  been  developed 
and  tested  online.  It  is  in  the  process  of  being  turned  into 
a  standard  operational  tool.  In  this  paper  we  will  discuss 
the  challenges  encountered,  the  detail  of  the  methods  de¬ 
veloped,  and  experience  from  online  application. 

CHALLENGES 


Figure  1:  Concept  of  transfer  matrix  measurement. 


1. 1  Measuring  Optical  Transport 

Figure  1  shows  the  concept  of  measuring  transfer  ma¬ 
trix  across  an  unknown  section  of  the  beam  line.  Differ¬ 
ence  orbits  are  launched  across  a  beam  line  section  where 
optical  model  is  known  reliably  at  both  end  segments  p 
and  q,  but  not  in  between.  The  models  of  p  and  q  are 
then  used  to  interpret  the  transfer  matrix  M  in  between. 
This  scheme  has  many  advantages  over  similar  methods 
relying  on  knowledge  of  kickers  used  to  launch  the  differ¬ 
ence  orbits,  and  is  capable  of  supporting  rigorous  analysis 
of  errors  in  M  [1].  The  error  covariance  between  ele¬ 
ments  of  M  obtained  under  this  scheme  is  given  in  equa¬ 
tion  (1)  for  x-plane  where  indices  i,  j,  k,  m  run  from  1  to  2 
for  x  &  x’.  The  error  in  M  depends  on  data  parameters 
(red):  the  sample  size  No,  the  signal-to-nolse  ratio  Sb,  a 
measure  of  the  correlation  among  the  difference  orbits  Td, 
and  machine  parameters  (blue):  numbers  of  BPM’s  Nb^ 
lattice-dependent  form  factors  !M. ,  and  momentum  ratio 
Pp/Pq.  To  minimize  measurement  error,  one  needs  high 
statistics,  high  slgnal-to-noise  ratio,  and  minimal 
correlation  among  the  difference  orbits  used. 
Unfortunately  this  correlation,  no  matter  how  carefully 
one  prepares  the  difference  orbits,  tends  to  increase  as  the 
orbit  covers  progressively  more  distance  and  optical 
errors  while  Td  approaches  0  in  extreme  cases'. 
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1.2  Matching  Optical  Transport 

The  challenge  for  effective  transport  matching  is  that 
the  method  needs  to  work  in  a  control  room  on  beam 
lines  possibly  far  from  a  well-matched  state.  Open- 
ended  search  for  initial  conditions  good  enough  for  local- 
minimum  type  of  algorithms  to  find  a  decent  solution  is 
highly  undesirable.  In  addition,  one  needs  to  know  when 
matching  system  configuration  is  defective  or  matching 
goal  itself  is  unattainable  for  the  given  system,  such  that 
refinement  of  the  system  or  goal  should  be  considered 
rather  than  more  futile  attempts.  This  is  impossible  via 
local-minimum  algorithms. 

THE  PROGRAM  USED  AT  CEBAF 

1.3  Measuring  Optical  Transport 

At  CEBAF  an  existing  difference  orbit  program 
(FOPT)  has  been  upgraded  to  meet  the  challenges  out¬ 
lined  above  for  high  precision  transfer  matrix  measure¬ 
ment.  Main  features  include:  1).  ability  to  launch  differ¬ 
ence  orbits  at  any  location  in  order  to  ensure  orbit  or¬ 
thogonality;  2).  automatic  scaling  of  amplitude  to  al¬ 
lowed  maximum;  3).  ability  to  form  phase  space  cover¬ 
age  as  specified  by  user;  4).  ability  to  generate  high  sta¬ 
tistics  data.  In  addition  post-processing  programs  per¬ 
form  data  screening,  further  orthogonalization  of  differ¬ 
ence  orbits,  and  symplectification  of  the  measured  trans¬ 
fer  matrix.  Interface  to  the  energy  feedback  system  is 
being  planned,  which  will  further  reduce  data  error 
caused  by  dispersion  leak. 

The  recirculating  arcs,  with  their  well-calibrated 
model,  serve  as  the  sections  where  difference  orbit  data  is 
interpreted  and  used  in  turn  to  calculate  the  transfer  ma¬ 
trix  and  degree  of  mismatch  across  the  region  between 
the  ares.  This  region  includes  the  linac,  the  beam  sepa¬ 
ration  and  recombination  systems,  and  the  path  length 
control  “doglegs”,  where  most  of  the  transverse  and  lon¬ 
gitudinal  beam  manipulations  take  place  and  betatron 
matching  is  performed  more  as  a  routine  during  machine 
setup  and  tuning.  Future  plan  includes  sub-dividing  this 
structure  even  further  to  reduce  optical  sensitivity  caused 
by  intermediate  betatron  blowup  at  the  Arc-Llnac  inter¬ 
face. 

Difference  orbits  generated  by  this  program  has  also 
been  propagated  over  the  entire  5  passes  to  study  various 
aspects  of  the  global  transport,  most  notably  the  damping 
of  phases  space  and  overall  betatron  matching.  Due  to  its 
ability  to  support  high  precision  analysis,  the  global 
transport  picture  thus  derived  is  very  reliable  and  serves 
as  a  useful  basis  for  evaluating  overall  aecelerator  per¬ 
formance. 

To  quantify  mismatch  and  assess  effectiveness  of  the 
matching  program,  Courant  Snyder  (CS)  parameters  are 
used.  For  a  given  design  optics  and  a  difference  orbit,  it 
is  given  by  equation  (2)  where  S  represents  the  design 
twiss  matrix  and  X  the  difference  orbit  vector.  This  pa¬ 
rameter  can  be  calculated  for  the  2  sections  on  either  end 


of  the  region  of  interest,  one  for  each  orbit.  The  mis¬ 
match  is  quantified  as  the  maximal  possible  ratio  between 
these  2  CS  parameters  for  any  orbit.  An  equivalent 
picture  is  visualized  via  design  beam  envelopes  on  both 
ends  of  the  section  of  interest  brought  to  a  common  point 
by  the  measured  transfer  matrix  of  this  section.  In  the 
normalized  phase  space  of  one  beam  the  other  is  an 
ellipse,  whose  semi-major  axis  has  the  length  equal  to  the 
maximal  CS  ratio  described  above. 

c=x^-i-'-x, 


s= 

'  Pn 

,x  = 

^-an 

rD, 

1.4  Matching  Optical  Transport 

In  the  spirit  of  the  previous  section,  the  problem  of 
transport  matching  is  cast  in  the  form  of  twiss  parameter 
matching  with  the  aim  of  turning  arbitraiy  incoming  ax/y 
and  Px/y  into  desired  outgoing  ax/y  and  Px/y  using  4  thick 
quadrupole  lenses.  This  is  not  exactly  the  same  as 
restoring  the  design  transfer  matrix,  for  whieh  6 
quadrupoles  would  be  required,  but  ensures  proper 
transport  of  the  design  beam  and,  for  all  practical 
purposes,  proper  containment  of  betatron  blowup. 


Figure  2:  Real  &  spurious  roots  of  the  matching  system. 


The  matching  problem  as  posed  processes  consider¬ 
able  complexity.  An  algorithm  capable  of  solving  for 
global  solutions  of  such  systems  has  nonetheless  been 
developed  [2].  The  advantage  over  local  optimization 
algorithms  is  obvious:  1).  single-path  deterministic  proc¬ 
ess  requiring  no  open-ended  tuning  or  “inspired  human 
intervention”;  2).  ability  to  explore  solution  space  not 
possible  with  local  methods;  3).  elimination  of  need  to 
“condition”  the  system  before  matching;  4).  ability  to 
reveal  configuration  or  target  problems  when  real  solution 
is  absent.  Figure  2  shows  the  equivalent  2-dimensional 
solution  space  to  the  matching  system  in  2  examples.  The 
lines  represent  zero  contours  of  the  quadruploe  strengths 
satisfying  partial  matching  conditions.  Their  intersections 
(cyan  dots)  represent  real  solutions.,  while  red  dots  are 
spurious  solutions  arising  from  variable  elimination.  The 
system  on  the  left  has  many  solutions,  while  the  one  on 
the  left  has  none  due  to  unrealistic  matching  target.  User 
has  the  option  to  choose  among  the  global  solutions  the 
one  with  minimal  quad  strength,  minimal  quad  change,  or 
minimal  intermediate  blovrap.  A  mechanism  to  allow 
partial  matching  is  also  available,  where  the  mismatched 
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beam  ellipse  in  the  normalized  phase  space  of  the  design 
beam  is  allowed  to  take  on  reduced  semi-major  axis 
while  keeping  the  same  orientation,  corresponding  to  a 
reduced  CS  mismatch  value.  This  is  conjectured  to  be 
the  most  adiabatic  path  for  partial  matching  targets. 
Option  of  different  matching  quads  can  also  be  invoked 
to  yield  preferable  alternative  solutions. 
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Figure  3  Transport  parameters  from  50  MeV  to  5  GeV. 

1)  phase  space  area  (sqrt),  red:  theory;  yellow:  measured. 

2) .  CS  parameter  (squared),  red:  X;  blue:  Y. 

3) .  4  measures  of  coupling  based  on  determinants  of  sub¬ 
matrices  of  the  measured  4  by  4  transfer  matrix. 


OPERATIONAL  EXPERIENCE 

The  transport  measurement  and  matching  programs 
have  been  demonstrated  to  work  successfully  at  CEBAF. 
Figure  3  shows  various  transport  properties  over  the  entire 
5  passes  measured  using  difference  orbits  launched  at  50 
MeV  and  propagated  to  5  GeV  over  6  kms.  The  phase 
space  damping  closely  follows  theoretical  values. 
Another  measurement  based  on  this  technique  demon¬ 
strated  the  damping  of  phase  space  to  within  a  few  10'^  of 
the  theoretical  value. 

Table  1  summarizes  some  of  the  online  applications  of 
the  transport  matching  program.  Although  not  necessarily 
among  the  most  impressive  of  the  tests,  these  are  among 
tests  where  transport  was  measured  after  matching.  Three 
cases  are  shown  with  blue  and  red  ellipses  representing 
design  &  measured  X  (left)  &  Y  (right)  phase  space.  The 
first  shows  the  initial  measurement,  the  predicted 
outcome,  and  the  final  measurement  after  applying  partial 
matching.  The  second  shows  a  solution  involving  non¬ 
local  quad  solutions.  The  third  demonstrates,  apart  from 
the  algorithm  itself,  the  level  of  measurement  resolution, 
machine  reproducibility  and  settability  that  allows  the 
ability  to  fine  tune  an  already  good  match  to  100%.  All 
solutions  were  obtained  with  a  single  run  of  the  matching 
algorithm. 
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Abstract 

We  present  an  understanding  of  the  effect  of  various  fea¬ 
tures  of  the  secondary  emission  yield  (SEY)  and  secondary 
emission  spectrum  on  the  formation  and  dissipation  of  the 
electron  cloud  (EC).  This  understanding  is  based  on  dedi¬ 
cated  experimental  studies  at  several  storage  rings  and  sys¬ 
tematic  benchmarks  of  simulations  against  these  measure¬ 
ments. 

INTRODUCTION 

The  electron-cloud  effect  (ECE)  has  been  investigated 
experimentally,  by  simulations,  and  analytically  at  various 
storage  rings  for  several  years  now  [1].  Experimental  in¬ 
vestigations  have  made  significant  progress  owing  to  the 
use  of  special-purposes  devices  such  as  retarding-field  an¬ 
alyzers  (REA)  installed  at  the  APS,  the  PSR  and  BEPC  [2], 
sweeping  detectors  at  the  PSR  [3],  and  a  strip  detector  at 
the  SPS  [4, 5].  These  detectors  allow  the  measurement  of 
the  electron  flux  and  energy  spectrum  at  the  vacuum  cham¬ 
ber  wall,  plus  certain  features  of  the  EC  distribution  in  the 
bulk.  In  addition,  there  is  indirect  evidence  for  the  ECE  at 
these  and  other  storage  rings  from  vacuum  pressure  mea¬ 
surements,  tune  spectra  along  the  bunch  train,  bunch-by¬ 
bunch  luminosity  measurements,  and  BPM  signals  [4]. 

In  this  article  we  attempt  to  summarize  our  understand¬ 
ing  of  ECEs  primarily  at  the  APS,  PSR  and  SPS  based 
on  the  code  POSINST  [6],  particularly  the  effects  from 
features  of  the  SEY  and  emission  energy  spectrum.  The 
strength  of  the  code  is  based  on  the  embodiment  of  a  de¬ 
tailed  model  for  the  secondary  emission  process  [7].  We 
use  as  inputs  to  the  simulation  various  laboratory  measure¬ 
ments  of  the  SEY  and  spectrum  for  various  materials. 

FORMATION 

Primary  mechanisms 

Depending  upon  the  type  of  machine,  the  EC  is  seeded 
by  primary  electrons  from  three  main  sources:  photoelec¬ 
trons,  ionization  of  residual  gas,  and  electrons  produced  by 
stray  beam  particles  hitting  the  chamber  wall.  As  these  pro¬ 
cesses  are  essentially  incoherent,  it  is  customary  to  quantify 
them  in  terms  of  the  number  of  primary  electrons  produced 
per  beam  particle  per  unit  time,  Upr,  or  per  beam  particle 
per  unit  length  of  beam  traversal,  n^,..  These  two  are  re¬ 
lated  by  Upr  =  rippVb,  where  Vb  is  the  speed  of  the  beam. 
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We  can  estimate  the  various  contributions  to  tip,,  from 
various  other  quantities.  Photoelectrons  are  generated 
when  synchrotron  radiation  emitted  by  the  beam  strikes  the 
vacuum  chamber.  This  is  typically  the  dominant  source  of 
primary  electrons  for  high-energy  beams.  The  contribution 
from  photoelectrons  is  given  by 

^e(7)  ~  (1) 

where  n'^  is  the  number  of  photons  striking  the  vacuum 
chamber  wall  that  are  emitted  per  beam  particle  per  unit 
length  of  trajectory,  and  is  the  effective  quantum  ef¬ 
ficiency,  which  must  take  into  account  factors  such  as  the 
photon  reflectivity  of  the  surface,  the  photon  angle  of  inci¬ 
dence  on  the  surface,  the  photon  energy  spectrum,  and  the 
possible  existence  of  an  antechamber  through  which  most 
photons  can  escape.  Typical  values  for  Yes  are  estimated  in 
the  range  0.05-1. 

The  contribution  to  primary  electrons  from  residual  gas 
ionization  can  be  estimated  from  the  gas  density.  The  in¬ 
verse  of  the  mean  free  path  for  an  ionization  event  by  a 
particle  traveling  in  a  gas  is  given  by  pat,  where  cri  is  the 
ionization  cross-section.  Expressing  the  gas  density  p  in 
terms  of  the  pressure  and  temperature  yields 

K{ion)  [m"^]  ==  3.3  CTj  [Mbarn]  x  [Torr]  x  (2) 

where  is  the  vacuum  pressure  and  T  the  temperature 
(implicit  in  this  formula  is  the  assumption  that  the  ioniza¬ 
tion  event  yields  a  single  electron).  A  typical  value  for  cTj  is 
2  Mbams  for  a  high-energy  particle  of  unit  charge  [8].  Ion¬ 
ization  of  residual  gas  is  typically  the  dominant  source  of 
primary  electrons  for  relatively  low-intensity  hadron  ma-. 
chines. 

The  contribution  from  stray  beam  particles  striking, the 
chamber  walls  is  given  by 

K{bpi)  =  'nesri'bpi  (3) 

where  is  the  number  of  lost  beam  particles  per  beam 
particle  per  unit  length  of  beam  traversal,  and  rjeg  is  the 
effective  electron  yield  per  particle-wall  collision  (“bpl" 
stands  for  “beam-particle  loss”).  Beam  particle  losses  is 
typically  the  dominant  source  of  primary  electrons  for  in¬ 
tense,  low-energy  proton  storage  rings  such  as  spallation 
neutron  sources. 

The  three  above-mentioned  types  of  primary  electrons 
are  produced  with  different  spectra,  and  in  different  parts 
of  the  chamber.  These  details  need  to  be  taken  into  account 
in  simulations.  As  for  the  time  distribution  of  the  electron 
production,  it  is  reasonable  to  assume  the  proportionally 

K  «  (4) 


0-7803-7738-9/03/$17.00  ©  2003  TF.KF. 
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where  <  represents  any  of  the  n'’s  above,  and  A6(f)  is  the 
beam  line  density  at  time  f  at  a  given  azimuthal  location  in 
the  ring.  This  proportionality  is  fairly  obvious  for  the  ion¬ 
ization  electrons.  As  for  photoelectrons,  it  is  justified  by 
noting  that  (a)  only  the  incoherent  photons  radiated  by  the 
beam  as  it  traverses  a  magnet  are,  in  practice,  significant, 
and  (b)  the  photons,  once  radiated,  remain  substantially  co¬ 
moving  with  the  beam  until  they  hit  the  chamber  wall.  The 
same  argument  can  be  applied  to  the  stray  beam  particles, 
regardless  of  the  mechanism  by  which  they  are  lost. 

A  basic  quantity  that  is  used  to  characterize  the  intensity 
of  the  EC  is  the  electron  line  density  as  a  function  of  time  in 
a  given  section  of  the  machine,  Ae(f).  Assuming  that  there 
is  no  antechamber,  and  that  one  can  neglect  the  escape  of 
the  electrons  at  the  endpoints  of  the  given  section,  charge 
conservation  implies  that  the  rate  of  change  in  the  number 
electrons  in  such  a  section  is  given  by 

=  N^i-y)  +  Ne(ion)  +  -^e(6p0  +  Nsec  “  Ncol  (5) 

primaries  secondaries 

where  Ncoi  is  the  rate  of  electron-wall  collisions,  and  Nsec 
is  the  rate  of  secondary  electrons  produced  in  such  col¬ 
lisions.  Defining  Jeff  =  Nsec/Ncoi  and  dividing  by  the 
length  of  the  section  and  multiplying  by  the  electfonic 
charge  yields 

Ae(f)  =  Vbn'pj.Xb(t)/Z  +  (Jeff  —  l)plew  (6) 

where  Z  is  the  beam-particle  charge  in  units  of  e,  p  is  the 
perimeter  of  the  chamber  cross  section,  + 

Kiion)  +  ”e(ip0’  electron  flux  at  the  wall 

(units  of  current  per  unit  area).'  If  electrons  leave  the 
chamber  section  through  the  antechamber  or  through  the 
endpoints,  these  must  be  subtracted  from  the  right-hand 
side  of  (6).This  equation  has  not  much  predictive  power, 
but  its  virtue  lies  in  the  fact  that  it  relates  several  physical 
quantities  that  are  either  measured  or  simulated,  and  serves 
as  a  good  check  on  calculations. 

Secondary  emission  yield 

In  practice,  it  is  often  the  case  that  the  most  important 
contribution  to  the  EC  is  from  secondary  electron  emission, 
embodied  by  Jeff  in  Eq.  (6).  The  secondary  emission  yield 
(SEY)  function  S{Eo)  is  the  average  number  of  electrons 
emitted  when  an  electron  impinges  on  a  surface  at  energy 
Eq.  It  reaches  a  peak  Jn,ax  at  an  energy  Eq  =  Ea^-  A  fairly 
detailed  microscopic  description  of  the  secondary  emission 
process  is  presented  in  Ref.  7,  upon  which  we  base  the  sim¬ 
ulated  examples  discussed  below. 

To  illustrate  the  sensitivity  of  the  ECE  to  the  SEY,  we 
consider  two  sample  measurements  of  J  and  dS/dE,  one 
for  copper,  the  other  one  for  stainless  steel,  both  of  which 

’  In  Eq.  (6)  Z  appears  explicitly  because  nj,,.  is  the  electron  production 
rate  per  beam  particle,  not  per  unit  charge.  I  am  indebted  to  M.  Blask- 
iewicz  for  bringing  this  equation  to  my  attention. 


have  Jmax  —  2.05  and  Eimax  —  300  eV,  that  are  discussed 
in  detail  in  Ref.  7.  Fig.l  shows  a  simulated  example  of 
the  sensitivity  exhibited  by  the  EC  line  density  to  J^ax  in  a 
field-free  region  of  the  PSR.  The  two  traces  labeled  Jp^x  = 
1.5  and  1.7  were  obtained  taking  as  basic  input  the  stainless 
steel  sample  of  Ref.  7  and  scaling  5{Eo)  down  from  its 
true  peak  value  of  2.05  to  either  1.5  or  1.7,  respectively. 
It  is  apparent  that  the  peak  value  of  Ag  is  almost  an  order 
of  magnitude  larger  for  J^ax  =  1-7  than  for  1.5,  while  the 
plateau  value  in  between  bunches  is  a  factor  r\j  2  latger. 
An  equally  strong  sensitivity  is  observed  in  the  simulated 
electron-wall  flux  7e„  (not  shown). 


Figure  1:  Simulated  EC  line  density  in  a  field-free  region 
of  the  PSR  for  J^ax  =  1.5  and  1.7.  The  beam,  whose  line 
density  is  also  shown,  has  5  x  10^®  protons/bunch,  and  the 
primary  electrons  were  assumed  to  be  generated  only  from 
stray  protons  at  a  rate  =  4.44  x  10“®  e/m. 


Secondary  emission  spectrum 

A  quantity  closely  related  to  J  is  the  emitted-energy 
spectrum  of  the  secondary  electrons,  dS/dE  at  given  in¬ 
cident  energy  Eq,  where  E  is  the  emitted  electron  energy. 
The  spectrum  covers  the  region  0  <  £'<£'0.  The  spectram 
exhibits  three  fairly  distinct  main  components:  elastically 
reflected  electrons,  rediffused,  and  true  secondaries  [7]. 
The  SEY  is  given  by 

S[B,)  =  ldE^  (7) 

0 

so  that  J  =  Je  -f  Jr  -I-  Jts-  The  elastic  electrons  are  emit¬ 
ted  within  a  narrow  peak  (FWHM~  ±3  eV)  centered  at 
£  ci  £0.  The  rediffused  electrons  are  emitted  with  a 
fairly  uniform  energy  distribution  in  ~  50  <  £  <  £0, 
and  the  true  secondaries  in  a  broad  peak  at  0  <  £  <  50 
eV.  Depending  upon  various  features  of  the  storage  ring 
considered,  the  three  components  can  contribute  differ¬ 
ently  to  various  aspects  of  the  ECE.  To  illustrate  this  point. 
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we  consider  again  the  two  above-mentioned  sample  mea¬ 
surements  for  copper  and  stainless  steel.  Even  though 
Sum.  is  almost  the  same  for  these  two  samples,  the  rela¬ 
tive  contributions  of  the  three  SEY  components  are  quite 
different:  for  the  stainless  steel  sample  at  Eq  =  300  eV, 
((5e,  Sr,  Sts)  —  (6%,  37%,  57%)  of  <5,  while  for  the  cop¬ 
per  sample,  (Sg,  Sr,  Sts)  —  (1%,  9%,  90%)  of  S.  To  illus¬ 
trate  the  dependence  of  these  relative  ratios,  we  consider 
the  simulated  electron  line  density  in  an  arc  dipole  in  the 
LHC  [6],  shown  in  Fig.  2,  and  the  power  deposited  by  the 
electrons  on  the  vacuum  chamber  walls,  shown  in  Fig.  3. 


time  [s] 


Figure  2:  Simulated  EC  line  density  in  an  arc  dipole  mag¬ 
net  of  the  LHC  assuming  that  the  secondary  emission  off 
the  chamber  wall  corresponds  to  a  stainless  steel  sample, 
a  copper  sample,  or  a  copper  sample  in  which  the  elas¬ 
tic  and  redlffused  electrons  are  artificially  suppressed,  ie., 
true  secondaries  only  (see  text  for  details).  In  all  three 
cases,  Jmax  —  2.05  at  Elniax  —  300  eV.  In  the  first  two, 
5(0)  a;  0.5,  while  in  the  third,  5(0)  =  0.  The  beam,  whose 
signal  in  arbitrary  units  is  indicated  by  a  dashed  line,  has 
iV  =  1.05  X  10^^  protons/bunch,  and  the  primary  electrons 
were  assumed  to  be  generated  only  from  the  photoelectric 
process  at  a  rate  =  6.3  x  10~^  e/m. 

The  sensitivity  exhibited  in  Figs.  2  and  3  can  be  ex¬ 
plained  from  other  features  of  the  EC  in  this  particular  case 
(not  shown  in  this  article),  and  can  be  attributed  to  fea¬ 
tures  of  S(Eo)  and  dS/dE.  As  it  can  be  seen  in  Fig.  3, 
the  peak  power  deposition  occurs  ~  5  ns  after  the  passage 
of  the  bunch,  since  this  is  the  time  it  takes  for  the  electrons 
kicked  by  the  bunch  to  reach  the  chamber  wall.  The  elec¬ 
trons  that  remain  in  the  chamber  for  the  balance  of  the  inter¬ 
bunch  gap  may  bounce  off  the  walls  once  or  a  few  times, 
and  their  average  energy  degrades  with  successive  bounces. 
This  degradation  occurs  primarily  from  the  “conversion” 
of  an  incident  electron  into  true  secondary  electrons,  which 
are  emitted  with  energies  below  ~  50  eV.  For  the  stain¬ 
less  steel  sample,  this  energy  degradation  is  slower  than  for 
the  other  cases  because  the  electron  emission  spectrum  has 
a  relatively  smaller  true  secondary  component.  Therefore, 


time  [s] 


Figure  3:  Simulated  EC  power  deposition  per  unit  length  in 
an  arc  dipole  magnet  of  the  LHC  for  the  same  conditions  as 
in  Fig.  2.  Only  a  short  time  interval  (40  ns,  with  two  bunch 
passages)  is  shown,  chosen  from  the  steady-state  portion  of 
the  simulation. 


since  the  energy  of  the  slow  electrons  is  relatively  high,  so 
is  the  corresponding  SEY,  hence  these  electrons  also  sur¬ 
vive  longer  than  in  the  other  samples.  Thus,  when  a  new 
bunch  comes  along,  it  kicks  a  larger  number  of  electrons 
into  the  wall  for  the  stainless  steel  sample  than  for  the  oth¬ 
ers,  leading  to  higher  power  deposition. 


Beam-induced  multipacting 


An  important  mechanism  for  the  EC  formation  is  beam- 
induced  multipacting  (BIM)  [9].  If  a  relativistic  beam  is 
composed  of  short,  positively-charged  bunches  with  N  par¬ 
ticles  of  charge  Ze  and  bunch  spacing  Sj,,  a  resonance  con¬ 
dition  occurs  when  the  traversal  time  At  of  an  electron 
across  the  chamber  under  the  influence  of  one  bunch  equals 
Sb/c.  If  the  impulse  approximation  is  valid  (bunch  length 
Sb),  the  resonance  condition  is  G  =  1,  where  G  is  de¬ 
fined  by 


ZNrgSb 

~  d? 


(8) 


where  Vg  =  ^ Irru?  =  2.82  x  10“^®  m  is  the  classical 
radius  of  the  electron  and  d  is  the  half-height  of  the  vacuum 
chamber  (or  radius,  if  round).  This  definition  of  G  is  only 
pertinent  to  field-free  regions  and  to  dipole  magnetic  fields; 
in  this  latter  case,  2d  is  the  full  size  of  the  chamber  along 
the  magnetic  field  direction. 

The  condition  G  =  1  is  necessary  but  not  sufficient  to 
lead  to  multipacting.  The  second  necessary  condition  is 
5eff  >  1.  When  these  two  conditions  are  simultaneously 
valid,  the  EC  density  increases  exponentially  in  time  as 
successive  bunches  go  by  until  a  saturation  is  reached  ow¬ 
ing  to  space-charge  forces.  In  addition  to  a  rapid  growth 
of  the  electron  density,  the  electron-wall  collision  energy 
is  typically  high,  leading  to  other  phenomena  such  as  rapid 
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and  intense  gas  desorption  and  a  possible  catastrophic  vac¬ 
uum  pressure  increase. 

BIM  has  been  investigated  in  dedicated  studies  at  the 
APS.  Measurements  have  been  obtained  of  and  en¬ 
ergy  spectmm  at  the  wall  with  RFAs,  both  for  positron 
and  electron  beams  [2, 10].  In  these  smdies,  a  train  of  ten 
equally-spaced  bunches  of  2  mA/bunch  were  injected  in 
the  machine,  and  Jeu,  measured  for  various  values  of  sj, 
in  the  range  1-128  RF  buckets.  Since  the  chamber  cross- 
section  is  elliptical  with  semiaxes  a,  b  and  the  measure¬ 
ments  were  done  in  a  field-free  region,  the  value  of  Sb  for 
which  G  =  1,  ie.,  st  =  cP/Nr^,  is  not  unique  because  d 
ranges  in  6  <  d  <  a.  Simulations  and  measurements  are  in 
good  agreement,  and  a  clear  bump  is  seem  in  4^  when  d 
is  in  this  range  [1 1]. 

A  form  of  BIM  is  also  seen  for  the  case  of  very  long 
bunches,  such  as  the  PSR,  even  though  the  electron  traver¬ 
sal  time  At  is  much  shorter  than  the  bunch  length.  The 
phenomenon,  “trailing-edge  multipacting,”  is  observed  in 
the  trailing  edge  of  the  bunch  [3].  In  this  case  the  resonance 
condition  obtains  when  At  equals  the  oscillation  period  of 
an  electron  in  the  potential  well  of  the  bunch.  Simulations 
show  that  the  multipacting  (“prompt”)  electrons  are  gener¬ 
ated  at  the  wall  during  the  passage  of  the  leading  edge  of 
the  bunch,  are  temporarily  trapped  by  the  increasing  depth 
of  the  potential  well,  and  are  then  released  as  the  depth  de¬ 
creases  during  the  trailing  edge.  The  phenomenon  can  be 
seen  in  Fig.  1;  the  electron  flux  at  the  wall  (not  shown)  ex¬ 
hibits  similar  features  as  the  density. 

If  the  trailing  edge  of  the  bunch  is  artificially  truncated 
keeping  the  bunch  population  fixed,  trailing  edge  multi¬ 
pacting  is  effectively  suppressed  owing  to  the  effective 
breaking  of  the  resonance  condition  [12]. 

A  weak  (~  20—30  G)  solenoidal  field  has  been  shown  to 
be  an  effective  means  of  controlling  the  ECE  in  B  factories 
[1]  by  forcing  the  electrons  to  remain  close  to  the  walls 
of  the  chamber.  However,  a  BIM  condition  arises  if  the 
bunch  spacing  sj/c  equals  the  electron  cyclotron  period  in 
the  solenoidal  field  [13]. 

DISSIPATION 

If  the  beam  is  extracted  from  the  machine,  the  EC  dis¬ 
sipates.  The  rate  of  dissipation  can  yield  important  infor¬ 
mation  about  S{Eo)  for  Eq  ~  0.  The  dissipation  process 
also  operates  in  the  gap  between  bunches  if  the  spacing  S(, 
is  significantly  long,  as  is  the  case  of  the  LHC.  We  consider 
a  “blob”  of  N  electrons,  crossing  the  chamber  in  a  time  in¬ 
terval  At.  By  definition  of  S^g,  after  one  collision  there  will 
remain  N'  =  S^gN  electrons.  If  the  electrons  keep  bounc¬ 
ing  back  and  forth,  after  n  collisions  there  will  remain 
Nn  =  electrons,  where  r  is  the  decay  time  of 

the  EC,  hence  we  conclude  that  =  exp(-Af/r)  [3, 14]. 

In  the  simplest  estimation  of  At  we  assume  that  the  elec¬ 
trons  are  created  at  the  wall  with  a  given  kinetic  energy  E 
and  that  they  cross  the  chamber  along  a  diameter  (if  the 
chamber  is  round).  If  the  EC  is  sufficiently  dilute,  we  can 


neglect  the  space-charge  force  hence  the  eneigy  E  is  con¬ 
served,  so  that  At  =  (d/c)  x  {2m(PjE)^/^,  hence 

c  f  j2m(P  1 

I  (,) 

where  2d  is  the  full  width  of  the  chamber  (or  diameter  if 
round),  and  m  is  the  mass  of  the  electron.  In  this  anal¬ 
ysis  we  have  neglected  the  image  forces,  an  approxima¬ 
tion  that  simulations  appear  to  support,  as  shown  below.  If 
one  takes  into  account  the  energy-angle  secondary  emis¬ 
sion  spectmm,  and  the  angular  dependence  of  the  SEY,  an 
improved  equation  can  be  derived  [14]. 

The  development  and  deployment  of  a  “sweeping  elec¬ 
tron  detector”  has  allowed  the  measurement  of  the  EC  den¬ 
sity  in  the  bulk  at  the  PSR  [3].  These  measurements  show 
a  fairly  exponential  decay  of  the  EC  with  r  ~  200  ns.  As¬ 
suming  a  typical  value  El  =  4  eV  and  d  =  5  cm,  one 
obtains  4ff  —  0.5. 

In  order  to  test  the  applicability  of  Eq.  (9),  we  ran  a  sim¬ 
ulation  for  the  PSR  using  as  input  the  above-mentioned 
model  for  stainless  steel  SEY,  with  S{Eo)  scaled  so  that 
^max  =  1.7.  Results  are  shown  in  Fig.  4  for  the  line  den¬ 
sity.  A  similar  simulation  for  the  SPS  in  a  region  with  a 
dipole  field  S  =  0.2  T  and  rectangular  chamber  of  half¬ 
sizes  (o,  b)  =  (7.7, 2.25)  cm,  shows  a  slope  of  170  ns. 


Figure  4:  Line  density  for  a  field-free  region  of  the  PSR  for 
N  —  5  X  10^^,  dmax  =  1.7,  d(0)  =  0.4,  and  an  artificially 
high  primary  electron  production  rate  n' =  4  x  10“^ 
e/m. 

One  sees  that  the  EC  density  indeed  reaches  an  approx¬ 
imately  exponential  decay  regime  after  a  while  (  400  ns) 
following  beam  extraction,  with  a  slope  in  good  agreement 
with  Eq.  (9).  These  results,  combined  with  the  simulation 
results  for  the  electron-wall  collision  energy  as  a  function 
of  time  (not  shown),  imply  that  the  value  of  defr  extracted 
from  Eq.  (9)  can  be  sensibly  interpreted  as  5(0). 
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CONDITIONING 

Since  the  ECE  can  lead,  in  practice,  to  various  perfor¬ 
mance  limitations  for  intense  beams,  it  is  desirable  to  have 
as  low  a  SEY  as  possible.  The  SEY  of  a  given  surface  can 
be  reduced  (“conditioned”)  by  several  mechanisms,  includ¬ 
ing  electron  bombardment.  Therefore,  the  ECE  itself  can 
lead  to  conditioning  of  the  vacuum  chamber  (beam  scrub¬ 
bing). 

Such  conditioning  has  been  observed  at  several  storage 
rings  including  the  SPS,  where  it  is  very  effective,  as  evi¬ 
denced  by  significant  improvement  of  the  vacuum  pressure, 
in  situ  SEY  measurements,  and  electron  flux  at  the  wall  of 
a  specialized  detector  [4]  after  ~a  few  days  of  running.  In 
addition,  tests  with  TiVZr  coatings  indicate  a  full  suppres¬ 
sion  of  BIM  once  activated. 

At  the  PSR  it  is  observed  that  the  prompt  electron  signal 
(ie.,  BIM  electrons)  is  subject  to  conditioning,  decreasing 
by  factors  of  ~  5  in  certain  regions  of  the  machine  after 
~a  few  weeks  of  running  (albeit  at  low  current).  The  con¬ 
ditioning  effect  is  stronger  for  stainless  steel  than  for  TIN 
coatings,  although  it  is  location  dependent.  The  prompt 
signal  is  also  sensitive  to  the  bunch  population  N-  it  does 
not  show  signs  of  saturation  up  to  iV  ~  8  x  10^^.  On  the 
other  hand,  the  swept-electron  signal  saturates  for  N  be¬ 
yond  ~  5  X  10^^  and,  significantly,  the  decay  constant  t 
is  roughly  independent  of  N,  location,  conditioning  state 
and  surface  material  (stainless  steel  or  TiN)  [3].  Combin¬ 
ing  these  observations  with  the  results  discussed  above,  one 
concludes  that  beam  scrubbing  effectively  reduces  5niax  but 
leaves  5(0)  unchanged.  Although  the  PSR  is  the  only  stor¬ 
age  ring  that  has  produced  evidence  for  this  conclusion,  it 
does  not  appear  to  be  contradicted  by  experience  at  other 
machines.  Nor  does  it  contradict  basic  surface  physics,  be¬ 
cause  5niax  and  5(0)  are  dominated  by  different  processes: 
the  former  is  dominated  by  true  secondary  electron  pro¬ 
duction,  while  the  latter  is  dominated  by  electron  backscat- 
tering.  Furthermore,  recent  measurements  obtained  for 
laboratory-conditioned  Cu  samples  also  show  this  effect: 
5max  for  a  sample  is  reduced  from  ~  2  in  the  “as-received” 
state  to  ~  1  in  the  fully  scrubbed  state,  while  5(0)  remains 
unchanged  [15]. 

CONCLUSIONS 

A  consistent  picture  of  the  ECE  is  clearly  emerging,  par¬ 
ticularly  concerning  the  effects  from  the  secondary  electron 
emission.  The  understanding  achieved  is  the  result  of  ded¬ 
icated  experimental  studies  at  various  machines,  especially 
the  APS,  SPS  and  PSR,  combined  with  methodical  simula¬ 
tion  benchmarks.  Recent  progress  in  this  understanding  is 
leading  to  the  elucidation  of  the  effects  from  the  three  main 
components  of  the  electron  emission  spectrum  on  different 
parts  of  the  EC  phase  space,  and  its  corresponding  effects 
on  EC  density,  electron  flux  and  energy  deposition  on  the 
vacuum  chamber  walls.  Recent  measurements  indicate  a 
differential  beam  scrubbing  effect  on  the  SEY:  while  the 
peak  SEY  is  clearly  reduced  with  electron  bombardment,  it 


appears  that  the  SEY  below  ~  5  —  10  eV  incident  energy 
remains  unchanged.  If  these  measurements  are  confirmed, 
one  can  expect  stronger  ECEs  than  anticipated  for  beams 
with  well-separated  bunches. 
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1  INTRODUCTION 

Electron  cloud  effects  have  manifested  in  several  Hadron 
Machines.  Table  1  lists  basic  machine  parameters  of  past 
and  present  hadron  machines  where  electron  clouds  have 
influenced  operations.  This  instability  has  also  been  seen 
in  the  AGS  Booster[15],  but  under  extreme  conditions.  Ta¬ 
ble  2  lists  high  intensity  proton  machines  that  are  under 
constmction.  The  goal  of  the  present  work  is  to  take  what  is 
known  about  electron  cloud  problems  in  current  machines, 
mainly  the  LANL  PSR,  and  attempt  to  extrapolate  to  the 
new  machines. 

2  FORMATION  OF  THE  ELECTRON 
CLOUD 

Electron  clouds  created  by  gas  stripping  [18,  19,  20,  21], 
foil  scattering  [6,  22,  7],  or  losses  are  present  in  all  ac¬ 
celerators,  to  some  extent.  For  problems  to  occur  the  ini¬ 
tial  seed  distribution  needs  to  be  amplified  '.  For  short 

*  blaskiewicz@bnl.gov 

t  Woil:  perfonned  under  contract  number  #DE-AC05-00OR2275  with 
the  auspices  of  the  U.S.  Department  of  Energy 

'The  BINP  PSR,  which  used  high  gas  density,  is  a  notable  exception 
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0.5 
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CERN 
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4,5 
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LANL 

PSR 

6-8 

70 
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7.6 
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50 

2.2 

CERN 

SPS 

9 

7 

0.26 

2.5 

26 

23 

26.6 

CERN 
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10,11 

7 

1.9 

6.3 

26 

35 

6.2 

BNL 

RHIC 

12-14 

2 

0.4 

2 

llA 

30 

28.2 

Table  1:  Basic  machine  parameters  for  pa.st  and  existing 
hadron  machines  with  electron  clouds.  For  RHIC  the  ion 
species  is  gold,  with  a  kinetic  energy  of  llGeV/nucleon. 
All  the  others  are  proton  machines. 


ORNL 

SNS[16] 

J-PARC 

3  GeV[17] 

J-PARC 

50GeV[17] 

•^peafc(A) 

80 

20-38 

38  - 196 

giSI 

55 

590  -  32 

41  -  0.33 

(Tx  (mm) 

14 

19-12 

11-5 

KE  (GeV) 

1 

0.375  -  3 

3-50 

6  (mm) 

100 

125 

65 

<3/3 

6.3 

4.2 

22.2 

Table  2:  Basic  machine  parameters  for  high  intensity  pro¬ 
ton  machines  under  construction.  For  the  J-PARC  ma¬ 
chines  parameters  are  labeled  as  injection  -  extraction . 


bunches  the  process  has  been  considered  by  many  au¬ 
thors  [18,  19,  20,  21].  For  the  LANL  PSR,  and  the  ma¬ 
chines  in  Table  2,  the  bunches  are  long  and  an  electron 
trapped  within  the  beam  performs  many  transverse  oscil¬ 
lations  during  a  single  bunch  passage  [23].  Fig.  1  shws  a 
simulation  for  typical  PSR  parameters.  If  the  electron  line 
charge  density,  Ae  (units  of  Coulombs/meter)  is  small  com¬ 
pared  with  the  proton  line  charge  density,  Ap  then  a  fairly 

accurate  expression  for  the  strike  energy  can  found  [16] 


.^strike  — 


7rm, 


/fcV  dole 
U/  dt  ’ 


(1) 


where  h  is  the  beam  pipe  radius,  c  is  the  speed  of  light,  and 
the  instantaneous  electron  oscillation  frequency  is 

with  a  the  rms  beam  radius.  The  strike  energy  is  positive 
on  the  trailing  edge  of  the  bunch  (wg  <  0)  and  equation  (1) 
is  valid  only  when  the  electron  frequency  does  not  have  a 
large  fractional  change  per  period,  |cJe|  <  From  the 
PSR  simulation  the  electron  has  an  energy  of  45  eV  for  the 
first  wall  strike,  while  equation  (1)  predicts  55  eV.  Typical 
numbers  for  ISIS  give  ^strike  ^  10  eV. 

When  an  electron  strikes  a  surface  it  can  be  reflected, 
rediffused  or  stopped^.  During  this  process  another  elec¬ 
tron  may  gain  enough  energy  to  leave  the  surface.  A  use¬ 
ful  experimental  measure  is  the  secondary  emission  yield: 
the  ratio  of  the  total  number  of  electrons  leaving  the  sur¬ 
face  to  the  total  number  incident  upon  the  surface.  Fig¬ 
ure  2  shows  measurements  of  secondary  yield  for  titanium 
nitride  coated  stainless  steel  with  normally  incident  elec¬ 
trons. 

^This  is  a  phemonenolgical,  classical  picture 
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Figure  1 :  Proton  beam  current  (blue)  and  positions  for  cap¬ 
tured  (green)  and  loss  created  (red)  electrons.  The  beam 
pipe  radius  is  50  mm  (violet). 


incident  electron  energy  (eV) 

Figure  2:  Secondary  emission  yield  for  titanium  nitride 
coated  stainless  steel  from  similarly  manufactured  samples. 
The  samples  were  manufactured  by  P.He  and  H.C.  Hseuh 
of  the  BNL  vacuum  group.  The  measurements  were  per¬ 
formed  by  B.  Henrist  of  the  CERN  vacuum  group.  The  sur¬ 
faces  have  not  been  baked  or  conditioned  in  any  way.  The 
solid  lines  are  data  and  the  markers  are  a  fit  of  the  CSEC 
model  to  the  blue  curve.  Of  all  the  fits,  the  one  shown  had 
the  largest  rms  deviation  from  the  data,  0.025. 

The  data  in  Figure  2  have  been  fitted  using  a  phemoni- 
nological  model  and  that  model  was  subsequently  used  in 
a  simulation  of  electron  cloud  formation  for  the  SNS.  This 
cylindrically  symmetric  electron  cloud  code  (CSEC)  and 
its  benchmarking  against  M.  Furman’s  positron  instabil¬ 
ity  code  (POSINST  [25])  are  described  in  [16].  Figure  3 
shows  the  proton  line  density  and  the  electron  line  density 
within  one  a  of  the  beam  axis.  The  primary  electrons  were 
estimated  assuming  1%  of  the  beam  was  lost  over  1000 
turns  and  that  20  electrons  were  generated  by  each  lost  pro¬ 
ton  [24].  The  electrons  create  a  focusing  lens,  which  travels 
with  the  beam.  For  SNS  with  15  nC/m  of  electrons  in  the 
beam  the  electrons  give  a  tune  shift  -b0.05. 


Figure  3:  SNS  line  charge  densities  for  the  beam  and  elec¬ 
tron  cloud  within  r  =  cr  for  each  of  the  six  secondary  yield 
curves  in  Fig.  2. 


Figure  4:  Secondary  yield  curve  for  stainless  steel.  Note 
the  significant  reflections  at  low  energy. 

Figure  4  shows  a  reasonable  secondary  yield  curve  for 
clean  stainless  steel.  Taking  this  secondary  yield,  20  elec¬ 
trons  per  lost  proton,  0.1%  beam  loss  over  2000  turns, 
and  parameters  for  the  J-PARC  3  GeV  rapid  cycling  syn¬ 
chrotron  [17]  yields  Figure  5.  The  peak  electron  line  den¬ 
sity  from  these  CSEC  simulations  corresponds  to  an  instan¬ 
taneous  neutralization  of  1.2%  at  extraction.  Increasing  the 
electron  generation  rate  by  a  factor  of  10  changed  the  re¬ 
sults  by  less  than  10%.  The  electron  clouds  pictured  in 
Figures  3  and  5  evolve  as  the  beam  passes  and  result  in  a 
considerable  electron  flux  to  the  wall.  For  Figure  3  the  net 
charge  per  turn  varies  between  40  and  700  pC/cm^/turn 
with  electrons  in  excess  of  100  eV  depositing  between  10 
and  50  pC/ cm^/turn.  For  the  J-PARC  simulations  the  to¬ 
tal  charge  per  turn  is  45  and  110  pC/cm^/turn  for  injec¬ 
tion  and  extraction,  respectively.  Only  about  1%  of  these 
electrons  have  a  strike  energy  greater  than  100  eV. 

These  electrons  striking  the  wall  will  desorb  gas 
molecules  and  can  cause  the  pressure  to  rise  [20,  26,  27]. 
For  machines  with  a  large  duty  cycle  a  dramatic  pressure 
rise  can  result  from  a  very  modest  electron  flux.  Over  time. 


303 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


Figure  5:  Line  charge  densities  for  the  beam  and  electron 
cloud  within  r  =  a  for  the  J-PARC  3  GeV  RCS,  using  the 
secondary  yield  curve  in  Fig.  4. 


beam  charge  (microcoulombs) 


Figure  6:  Threshold  RF  voltage  versus  beam  intensity  for 
PSR,  courtesy  R.J.  Macek.  The  threshold  RF  voltage  is 
the  smallest  RF  voltage  for  which  the  beam  is  stable.  The 
historical  curve  represents  the  situation  before  the  direct 
H~  injection  upgrade  and  the  extended  run  during  2001. 
Threshold  curves  near  the  end  of  the  2001  run  for  injected 
bunch  lengths  of  200,  260,  and  290  ns  are  shown  for  com¬ 
parison. 


the  adsorbed  gas  will  be  exhausted.  Also,  the  electrons 
striking  the  wall  eventually  reduce  the  secondary  yield. 
The  desorbed  gas  places  requirements  on  the  vacuum  sys¬ 
tem.  Significant  reduction  in  the  secondary  yield  requires  a 
net  electron  dose  of  order  0.1  C/cm^  [28,  29].  If  the  SNS 
beam  is  stable  under  the  conditions  shown  in  Figure  3,  this 
conditioning  will  take  about  a  week  of  running  time.  Scal¬ 
ing  to  J-PARC  parameters,  a  few  weeks  of  running  time  are 
needed  for  conditioning.  The  question  at  hand  is  whether 
the  beam  will  be  stable  at  sufficiently  high  intensity  for 
conditioning  to  occur. 

3  EC  INSTABILITY 

The  electron  cloud  instability  in  the  LANL  PSR  has  been 
well  documented  [6, 8, 30, 31, 32, 33, 16].  Figure  6  shows 
the  threshold  RF  voltage  as  a  function  of  beam  current  for 


different  epochs  and  bunch  lengths.  When  the  instability 
occurs,  the  observed  oscillation  frequency  agrees  with  the 
calculated  electron  oscillation  frequency  [30].  The  thresh¬ 
old  is  quite  sharp  [16],  so  one  expects  that  a  linearized  cal¬ 
culation  should  provide  adequate  threshold  estimates. 

Bunched  beam  stability  estimates  based  on  the  linearized 
Vlasov  equation  are  a  natural  starting  point.  Early  treat¬ 
ments  considered  positron  bunches  [34,  35],  and  tech¬ 
niques  developed  for  the  transverse  mode  coupling  in¬ 
stability  [36]  yielded  results  which  agreed  with  simula¬ 
tions  [37,  38,  34].  For  high  intensity  proton  machines  the 
bunches  are  long  and  electrons  perform  many  oscillations 
as  the  bunch  passes.  Traditional  techniques  require  matri¬ 
ces  with  millions  of  elements  and  are  a  significant  compu¬ 
tational  challenge.  An  alternate  technique,  which  models 
the  RF  system  using  a  barrier  bucket,  yields  much  smaller 
matrices  [16].  Since  the  bunch  is  square  the  electron  oscil¬ 
lation  frequency  is  constant  within  the  bunch 


We  =  WoQe 


eAn 


2'neom^a 


2  ’ 


where  wo  is  the  angular  revolution  frequency  and  a  is  the 
beam  radius.  The  strength  of  the  electron  cloud  interaction 
is  determined  by  the  parameter 


eXe 

27reoWo7mpa^  ’ 


(3) 


where  we  assume  that  the  cloud  has  the  same  radius  as  the 
beam^  Even  though  we  take  the  radii  to  be  equal,  the  pro¬ 
ton  beam  radius  varies  with  the  lattice  functions.  To  model 
this  spread  we  assume  the  electron  response  function  can 
be  modeled  as  a  parallel  LRC  resonator  with  quality  factor 
Qr. 

Figure  7  compares  the  output  of  the  bunched  beam 
eigenvalue  code  with  thresholds  obtained  using  the  coast¬ 
ing  beam  dispersion  relation  [40, 4, 5, 41, 42], 


l  =  AQof - ^ _  (4) 

^  J  AQ  +  AQ,,-vQe’  -  ^ 

where  u  =  (w  —  wo)/wo  is  the  fractional  frequency  differ¬ 
ence,  p{v)  is  the  normalized  density  with  /  p{v)dv  =  1, 
AQ  is  the  coherent  tune  when  frequency  spread  is  in¬ 
cluded,  and  AQsc  is  the  space  charge  tune  shift.  The  cold 
beam  tune  shift  is 

AQo=AQ,,  +  i^.  (5) 

2Qp 

where  (3^  is  the  betatron  tune.  The  derivation  of  equation  4 
assumes  AQ  <c  Qp  and  Qr  <  Qe.  Taking  lattice  func¬ 
tions  for  PSR  and  SNS,  calculating  the  variation  in  We  for 
an  elliptical  (KV)  beam,  and  equating  equivalent  widths  of 
the  resistive  transfer  function;  one  finds  Qr  w  3. 

^Notice  that  Qp  is  the  betatron  tune  the  protons  would  have  in  the 
absence  of  other  focussing  forces. 
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Figure  7:  Threshold  voltage  versus  bunch  charge  for  the 
PSR  parameter  regime.  The  symbols  are  the  thresholds  for 
the  bunched  beam  eigenvalue  problem.  The  solid  line  is 
the  estimate  using  the  coasting  beam  dispersion  relation, 
equation  (4).  The  different  colors  correspond  to  Ag  =  1, 
0.5,  and  0.1  nC/m. 


Figure  8;  Threshold  h  =  l  voltage  versus  bunch  charge  for 
SNS.  These  were  done  for  a  dual  harmonic  RF  system,  as 
well  as  for  =  1  alone.  The  design  h  —  1  voltage  for  SNS 
is  40  kV. 


In  [16]  threshold  voltages  were  calculated  for  a  variety 
of  beam  and  cloud  parameters.  However,  the  various  codes 
calculated  values  of  Qg  and  Qp  too  large  by  a  factor  of  y/2. 
Additionally,  the  estimates  now  use  the  peak  beam  current, 
and  momentum  distributions  calculated  from  a  simulation 
of  multi-turn  injection.  The  PSR  calculations  still  give  val¬ 
ues  of  threshold  voltage  that  are  3  to  4  times  larger  than  in 
Fig  6.  Results  for  SNS  are  shown  in  Figure  8. 

Other  hand  calculations  include  centroid  models  [43, 
35],  which  are  known  as  beam  break-up  models  in  the  linac 
community.  The  basic  idea  here  is  to  neglect  synchrotron 
oscillations  so  that  one  can  integrate  out  the  dependence  on 
{uj  —  uo)/u>o.  The  shape  of  the  unstable  modes  look  sim¬ 
ilar  to  those  observed  in  PSR  but  threshold  estimates  are 
difficult. 

Behavior  of  the  instability  well  beyond  threshold  is  dis¬ 
cussed  in  [44].  Including  the  dependence  of  electron  os¬ 
cillation  frequency  with  electron  amplitude  reduces  the 


growth  rate  of  the  instability.  This  is  in  line  with  the  growth 
rates  observed  in  PSR,  which  are  significantly  slower  than 
those  from  equation  (5). 


4  SIMULATIONS 

Simulations  of  both  coasting  [47, 48, 49]  and  bunched  [45, 
46,  17,  16]  beams  have  been  done.  The  coasting  beam 
simulations  involve  a  fully  3-dimensional  solution  to  the 
Vlasov  equation,  but  do  not  yet  include  the  effects  of 
secondary  emission.  The  bunched  beam  simulations  use 
approximate  equations  of  motion  for  the  protons  and 
electrons  but  some  include  secondary  emission  and  syn¬ 
chrotron  oscillations.  One  key  question  regards  the  effect 
of  nonlinear  forces.  The  coasting  beam  simulations  [49, 
Figs  2  and  3]  show  that  electron  cloud  instabilities  do  not 
exist  for  cold  beams  if  the  beam  and  cloud  densities  are 
low  enough.  This  is  well  known  when  there  is  no  spread 
in  the  electron  bounce  frequency,  and  this  frequency  is 
sufficiently  far  from  the  nearest,  unstable,  betatron  side¬ 
band  [40,  5,  15].  However,  the  simulations  in  [49]  have 
electron  frequency  spread.  In  [16]  the  inclusion  of  nonlin¬ 
ear  space  charge  effects  led  to  estimates  in  better  agreement 
with  experimental  PSR  stability  thresholds.  In  the  mean¬ 
time,  the  author  has  done  some  simulations  of  the  equation 
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where  Xj-is  a  two  dimensional  vector,  u,  and  a  are  di¬ 
agonal  2  by  2  matrices,  e  is  a  smoothing  parameter,  and  C sc 
parameterizes  the  strength  of  the  space  charge  force.  Each 
Q'j  is  different  and  chosen  from  a  parabolic  distribution. 

Simulations  were  done  by  increasing  N  with  a  fixed  in¬ 
tegration  time  until  results  converged.  For  Cac  =  0,  the 
simulations  agree  with  the  coasting  beam  dispersion  rela¬ 
tion  within  a  few  percent.  Simulations  with  space  charge 
are  compared  with  the  analytic  theory  in  Fig.  9.  With  no 
spread  in  Qj  the  tune  shift  is  AQo-  Stable  simulations  of 
a  smooth  beam  are  green  crosses  and  the  red  are  unsta¬ 
ble.  The  red  threshold  curve  is  calculated  using  linear  space 
charge.  The  blue  threshold  curve  is  a  hand  estimate  based 
on  the  soft  upper  limit  discussed  in  [50].  The  simulations 
show  a  much  smaller  effect  than  the  hand  estimate  and  the 
difference  corresponds  to  a  factor  ~  4  in  RF  voltage.  The 
resolution  of  this  problem  is  a  serious,  practical  matter.  Ac¬ 
curate  determinations  of  required  momentum  aperture  and 
RF  voltage  could  result  in  significant  cost  savings  for  future 
machines. 
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Figure  9:  Various  estimates  of  nonlinear  space  charge  ef¬ 
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Abstract 

A  summary  of  the  main  results  obtained  so  far  from  the 
electron  cloud  studies  using  strip  detectors,  pick-ups, 
COLDEX  and  a  100  MHz  coaxial  resonator  will  be 
presented.  The  spatial  and  energy  distributions  of  the 
electrons  in  the  cloud  measured  by  the  strip  detectors  will 
be  detailed  and  compared  to  the  results  obtained  with  a 
conventional  retarding  field  detector.  The  evidence  of  the 
scrubbing  effect  and  of  the  NEG  coatings  as  remedies  to 
reduce  the  electron  cloud  activity  will  also  be  shown. 

In  a  second  part,  the  improved  hardware  of  the 
experiments  will  be  presented  together  with  the  program 
of  measurements  foreseen  for  the  2003  SPS  run. 

1  SET  UP  &  MAIN  RESULTS 

1.1  Electron  Cloud  thresholds,  build  up 

1.1.1  Set  up  description 

Since  1998,  the  electron  cloud  activity  is  being  studied 
in  the  SPS  with  LHC-type  beams’  using  the  pressure 
gauges  and  shielded  pick-ups  [1][2][3].  During  the 
shutdown  of  2001-02,  three  different  versions  of  strip- 
detectors  have  been  installed  to  study  independently  or 
simultaneously  the  spatial  distribution  and  the  energy 
distributions  of  the  electrons  in  the  cloud  [4], 

1.1.2  Electron  Cloud  thresholds,  build  up 

The  electron  cloud  multipacting  is  driven  mainly  by  the 
beam  parameters  and  by  the  secondary  electron  yield 
(Smax,  Energy  of  the  maximum  of  the  secondary  electron 
yield)  of  the  wall  surface. 

Immediately  after  the  air  venting  during  the  2001/02 
shutdown,  the  threshold  of  the  electron  cloud,  measured 
with  a  single  batch-injection,  was  3.0xl0'“  p^unch  in  the 
dipole  field  regions  and  5.5x10'“  p^unch  for  the  field- 
free.  In  a  dipole  field,  the  appearance  threshold  of  the  two 
lateral  strips  was  5.5xl0'“  p^unch  and  at  1.3xl0" 
p^unch,  a  3'“  central  strip  appeared  as  predicted  by  the 
simulations  [5]  [6].  The  observations  showed  that  the 
central  strip  tends  to  disappear  after  a  few  hours  of 
scrubbing  and  an  attempt  of  explanation  will  be  given  in 
§1.4.  Fig.l  shows  the  electron  cloud  build  up  in  a  dipole 
field  with  4  batches  injected. 

The  electron  cloud  build  up  is  strongly  dependent  on 
the  beam  potential  (bunch  intensity  and  length)  which 


1-4  batches  of  72  bunches  injected  from  the  PS  machine,  25  ns  bunch 
spacing,  225  ns  batch  spacing,  1.3x10"  protons/bunch  (1.7x10" 
ultimate)  and  4ns  bunch  length  (4ct)  at  injection  energy  (26  GeV). 


determines  the  kick  to  the  electrons.  As  expected,  the 
measurements  showed  an  increase  of  the  electron  cloud 
intensity  by  a  factor  of  7  to  10  when  the  bunch  intensity  is 
doubled  from  5.0xl0’“  to  l.lxlO"  p/btmch. 

Similarly,  a  decrease  of  the  bunch  length  by  30% 
doubles  the  electron  cloud  intensity  (Fig.2)  and  a  3"* 
central  strip  appears  already  at  l.lxlO"  p^unch  instead 
of  1.3x10''  p^unch  for  the  nominal  bunch  length  (4  ns). 
Conversely,  if  the  bunch  length  is  increased  by  30%,  the 
electron  cloud  disappeared  (Fig.2). 


Lateral  position  (mm) 


Fig.l:  Electron  cloud  signal  measured  using  the  strip- 
detector  in  a  dipole  field  with  4  batches  injected. 


Fig.2:  The  electron  cloud  is  enhanced  by  a  bunch  length 
decrease  (left, -30%),  and  disappears  with  an  increase  of 
the  bunch  length  (right,  +30%). 


1.1.3  Multi-batch  -  Surviving  electrons 

To  optimise  the  injection  of  the  LHC,  3  or  4  batches 
will  be  accumulated  in  the  SPS  before  being  injected  into 
the  LHC.  The  measurements  made  using  the  pick-ups 
confirmed  that  the  electron  cloud  build  up  during  the 
passage  of  the  2"'*,  the  3"*  and  4*  batch  is  enhanced  by  the 
passage  of  the  preceding  batches  (Fig.3).  If  the  lifetime  of 
the  electrons  is  higher  than  the  225  ns  batch  spacing,  the 
surviving  electrons  created  during  the  previous  batch 
passage  will  enhance  the  build  up  during  the  passage  of 
the  following  batches.  But  after  the  4“'  batch  passage  and 
due  to  the  revolution  time  in  the  SPS,  i.e.  23  ps,  the  F' 
batch  will  pass  once  again  after  14.6  ps.  This  delay 
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appears  as  long  enough  to  loose  all  the  surviving 
electrons. 


^  signal:  build  up  during  the  passage  of  the 

2”  ,  S'  and  hatch  enhanced  by  the  passage  of  the 
preceding  batches  (left).  A  550  ns  batch  spacing  did  not 
decouple  the  build  up  of  two  successive  batches  (right). 

1.1.4  Scrubbing  Effect 

Two  scrubbing  periods,  15  days  of  beam  in  total,  gave 
evidence  of  a  “scrubbing  effect”.  All  around  the  SPS,  both 
in  the  field-free  and  dipole  field  regions,  the  pressures 
decreased  by  10^  in  4  days,  10''  in  10  days  6''ig.4). 

Meanwhile,  the  threshold  in  the  dipole  field  increased 
from  3.0x10'®  to  l.OxlO"  p^unch  and  from  5.0xl0'®  to 
more  than  1.3xl0"  p/bunch  in  the  field-free  regions.  No 
signal  could  be  detected  in  the  field-free  regions  after  10 
days  of  LHC-type  beams  with  a  4  batches  injected. 

Similarly,  the  evolution  of  the  electron  cloud  activity 
measured  by  the  strip-detectors  throughout  the  cleaning 
process  showed  a  decrease  of  the  electron  flux  by  a  factor 
10^  in  10  days  in  a  field-free  region. 

Several  parameters  measured  (pressures,  electron  cloud 
intensity,  heat  load  measured  by  the  calorimeters  [7][8]) 
showed  that  the  beam-induced  multipacting  and  thus  the 
scrubbing  stopped  after  4  days  in  the  field-free  regions 
which  is  consistent  with  the  in  situ  measurement  of  the 
secondary  electron  yield  (SEY),  which  remained  constant 
after  4  days;  the  was  between  1.5  and  1.6.  After  short 
periods  without  LHC-type  beams,  the  SEY  drifted  up  i.e. 
from  1.5  to  1.7  in  two  weeks  time.  However,  the  initial 
value  was  recovered  after  4  hours  with  nominal  intensity 
LHC-type  beams  with  at  least  3  batch-injections. 

1.1.5  Effect  of  the  ramp  in  energy 

At  the  end  of  the  scrubbing  period,  a  small  ramp  in 
energy  was  introduced  after  the  4®'  batch-injection;  the 
proton  energy  was  increased  up  to  55  GeV  to  check 
whether  or  not  the  scrubbing  run  should  be  made  at 
injection  energy  (costs  of  operation)  or  if  unexpected 
enhancement  effects  will  imply  going  to  higher  energies. 

The  effect  of  this  small  ramp  was  bigger  than  expected 
since  it  induced  a  small  displacement  of  the  orbit  (Fig.5) 
producing  pressure  rises  all  around  the  SPS  machine  and 
an  enhancement  of  the  electron  cloud  intensity  measured 
by  the  strip-detectors. 

A  squeezing  of  the  bunch  during  the  ramp,  which 
implies  an  increase  of  the  beam  potential,  and  therefore 
an  increase  of  the  electron  energies  could  easily  explain 
the  increase  of  the  electron  cloud  activity.  The  pressure 
rises  can  be  explained  by  the  orbit  displacement,  which 


involved  new  “less  scrubbed”  surfaces.  This  hypothesis  is 
consistent  with  the  measurements  made  by  introducing  a 
small  orbit  displacement  between  3  to  4  mm  with  respect 
to  the  nominal  orbit,  which  produced  an  increase  of  the 
pressures  AP/P  by  3  to  5  depending  on  the  chamber  shape 
and  position  in  the  SPS  ring.  The  pressure  rises  clearly 
indicate  that  the  electrons  are  bombarding  non-scmbbed 
surfaces;  Consistently,  the  electron  cloud  activity 
measured  by  the  strip-detectors  increased  by  more  than  a 
factor  2. 


1.E*17 
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-1.E-19 

J 
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Fig.  4:  Pressure  decreases  both  in  dipole  and  field-free 
regions  with  the  LHC-type  beam  exposure.  The  pressures 
are  normalised  to  the  batch  intensity  (P/Ibunchn72xNh^„hJ. 


Fig.5;  Small  orbit  displacement  seen  by  the  strip- 
detectors  due  to  the  ramp  to  55  GeV. 

1.2  Vacuum  behaviour  of  cold  surfaces 
COLDEX 

The  COLDEX  experiments,  which  was  previously 
installed  in  the  EPA  ring  (PS  Complex)  to  measure  the 
photon  stimulated  desorption,  has  been  installed  in  a 
field-free  region  of  the  SPS  (HP417)  in  May  2002.  The 
aim  of  this  experiment  was  to  study  the  dynamic  pressure 
evolutions  in  presence  of  LHC-type  beams  at  cold  (5-20 
K)  with  a  beam  screen  design  close  to  the  LHC  one. 

The  COLDEX  beam  screen  was  made  out  of  OFE 
copper  with  a  length  of  2.2  m  and  with  an  elliptic  shape 
(H  =  84  mm,  V  =  66  mm).  A  1  %  of  the  total  surface  is 
composed  of  holes,  which  allow  the  transfer  of  gases 
from  the  beam  screen  to  the  cold  bore.  The  cold  bore  is 
operated  between  3  to  5  K  while  the  beam  screen  could  be 
operated  from  5  to  100  K. 

UHV  pressure  gauges,  residual  gas  analyser  and  gas 
injection  (Fig.6)  allow  following  the  partial  and  total 
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pressures.  The  heat  load  is  measured  on  the  cryogenic 
cooling  circuit. 


Fig.6:  Schematic  view  of  the  COLDEX  experiment 


The  pressure  in  COLDEX  also  suggests  a  scrubbing 
effect;  the  pressure  decreased  by  10^  after  4  days  (Fig.7) 
reaching  the  equivalent  of  100  hours  beam  lifetime  in  the 
LHC.  During  all  the  evolution,  the  beam  screen  was  kept 
around  8  K  and  the  cold  bore  at  5  K.  The  increase  during 
a  few  hours  of  the  beam  screen  temperature  to  120  K  did 
not  change  the  picture;  the  same  result  was  obtained  after 
the  injection  of  one  monolayer  of  hydrogen. 


Fig.  7:  Pressure  evolution  in  the  COLDEX  during  the  F‘ 
scrubbing  run. 


The  preliminary  results  obtained  on  the  heat  loads 
measured  by  COLDEX  (95  %  duty  cycle,  1.1x10“ 
p/bunch)  still  need  confirmation  since  the  heat  load 
measured  is  larger  than  the  available  cooling  power  in  the 
LHC.  The  simulations  made  for  a  similar  geometry  and 
assuming  a  SEY  of  1.4  gave  similar  results  [6]. 


1.3  NEG:  A  remedy  to  the  Electron  Cloud 

The  use  of  NEG  pumping  coatings  (TiZrV)  [9]  has 
been  approved  as  the  vacuum  baseline  for  the  vacuum 
chambers  of  the  LHC  room  temperature  long  strait 
sections.  It  was  expected  that  the  low  secondary  electron 
yield  of  the  NEG  surface  after  activation  (6=1.1)  [10]  and 
even  if  saturated  (6=1.2  with  a  CO  saturation)  [11], 
should  decrease  the  electron  cloud. 

To  validate  the  NEG  behaviour,  a  test  bench  was 
installed  in  the  SPS  with  a  symmetrical  layout  allowing  a 
direct  comparison  between  NEG  coated  chambers  and 
stainless  steel  chambers  with  identical  shapes  [12]. 

Fig.8  shows  the  difference  in  behaviour  between  a  non- 
activated  NEG  and  an  activated  and  saturated  NEG.  With 
the  non-activated  NEG,  an  electron  current  is  measured 
by  the  shielded  pick-ups  and  the  NEG  coated  chamber 
behaves  like  the  reference  stainless  steel  chamber.  After 


activation  and  even  if  fully  saturated  (water  coming  from 
the  non-baked  upstream  and  downstream  vacuum 
chambers),  the  results  confirmed  that  no  electron  cloud 
signal  is  visible  at  nominal  bunch  intensity  with  4  batches 
injected.  In  presence  of  beam,  the  predominant  gases  are, 
as  expected:  H2,  CO,  CO2  and  CH4. 

NEG  activated  saturated  ID  156mm 
NEG  non-actIvated  MBB  profile  50  mV  F$ 


i 


Reference  Stainless  steel  ID156  mm  Reference  Stainless  Steel  10156  mm 

unbaked  unbaked  200  mV  FS 

Fig.8:  Electron  cloud  signals  measured  using  pick-ups  on 
a  reference  stainless  steel  chamber  as  compared  to  a  non- 
activated  NEG  coated  chamber  (left)  and  to  an  activated 
and  saturated  NEG  coated  chamber  (right). 

1.4  Spatial  and  Energy  distributions 

The  spatial  distribution  of  the  electrons  in  the  cloud  has 
been  confirmed  using  a  36-channels  strip-detector,  which 
allowed  twice  the  resolution,  obtained  in  2001  and  recent 
simulations  fit  fairly  well  the  measurements  [13].  At 
1.1x10“  and  1.3x10“  p^unch,  the  two  vertical  lateral 
strips  of  the  cloud  will  stand  on  top  of  the  beam  screen 
pumping  slots  (9  and  11.5  mm  respectively  from  the 
center)  inducing  additional  heat  load  to  the  cold  bore.  The 
decision  to  insert  a  pumping  slot  shielding  to  intercept  the 
electrons  passing  through  the  slots  was  accepted  and  is 
now  in  the  LHC  baseline  [14]. 

The  energy  distribution  of  the  electrons  in  the  cloud 
was  measured  using  the  strip-detectors  in  both  the  dipole 
field  and  field-free  conditions  and  using  a  conventional 
retarding  field  detector  in  a  field-free  region.  Due  to 
hardware  limitations,  the  electrons  with  energies  below  20 
eV  could  not  be  measured.  However,  the  impact  of  this 
limitation  is  small  both  on  the  heat  load  budget  and  on  the 
pressure  rises  induced  by  the  electron  stimulated 
desorption  (ESD)  mechanism  since  for  both  processes, 
the  expected  contribution  of  the  low  energy  electrons 
(<20  eV)  is  small  (<  20  %). 

In  the  dipole  field  where  most  of  the  electrons  are 
trapped  in  two  vertical  lateral  strips  by  the  magnetic  field, 
the  energy  distribution  showed  a  peak  between  180  and 
200  eV  to  be  compared  with  the  80  eV  measured  in  the 
field-free  regions. 

The  simultaneous  energy  and  spatial  distributions 
studies  showed  that  most  of  the  high-energy  electrons  i.e. 
above  200  eV,  are  located  in  the  central  strip  (Fig.9).  The 
two  lateral  strips  have  electrons  with  energies  below  180 
eV.  This  last  observation  could  explain  why  the  central 
strip  tends  to  disappear  after  several  hours  Of  LHC-type 
beam.  In  fact,  the  decrease  of  the  secondary  electron  yield 
is  enhanced  by  the  amount  of  primary  electrons.  After  a 
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given  dose,  the  amount  of  electrons  produced,  i.e.  5sey 
above  the  multipacting  threshold  is  reached  earlier  for  the 
electrons  with  energies  above  800  eV  thus  causing  the 
extinction  of  the  cloud  in  the  central  area. 

1.5  Coaxial  resonator  100  MHz 

Multipacting  measurements  were  also  performed  in  the 
Laboratory  without  beam,  using  a  100  MHz  coaxial 
resonator.  The  external  conductor  of  the  resonant  cavity 
(Fig.  10)  is  a  1500  mm  in  length  (DNIOO)  stainless  steel 
vacuum  chamber.  A  lateral  cut-off  tube  (DN35)  allows 
connecting  an  electron  pick-up  in  the  central  part  of  the 
resonator,  where  the  electric  field  is  maximized  in  the  1/2 
mode  [15],  A  stainless  steel  grid,  perforated  by  2  mm 
holes,  closes  this  port  in  order  to  maintain  the  chamber 
wall  continuity  and  to  shield  the  pickup  from  the  RF 
signal.  This  grid  is  treated  in  the  same  way  as  the 
chamber. 

The  onset  of  multipactor  is  detected  by  the  observation 
of  several  changes  in  the  cavity  behaviour,  which  happen 
when  the  input  power  reaches  the  multipactor  threshold. 
Those  following  changes  constitute  the  cavity  multipactor 
signature:  collection  of  electrons  by  the  pick-up,  a 
simultaneous  increase  of  the  vacuum  pressure,  a 
saturation  of  the  output  signal,  an  increase  of  the  reflected 
signal,  a  detuning  of  the  cavity  and  the  generation  of 
harmonics. 

If  baked  below  the  activation  threshold  (150°C),  the 
multipactor  threshold  of  the  NEG  coated  chamber  is 
similar  to  the  one  of  an  unbaked  stainless  steel.  After  the 
activation  of  the  NEG  coating,  the  multipacting  threshold 
increased  and  the  amount  of  electrons  collected  by  the 
pick-up  decreased.  Fig.  11  shows  how  the  output  voltage 
trend  is  modified  above  a  given  input  power  threshold  due 
to  the  adsorption  of  a  fraction  of  the  input  power  by  the 
multipacting  electrons.  When  activated,  the  output  signal 
increases  linearly  with  the  input  power  indicating  the 
absence  of  electrons.  The  same  measurements  were  made 
at  liquid  nitrogen  temperature  (77  K)  and  with  an 
activated  NEG,  no  electron  multipacting  was  measured 
(Fig.  11).  Even  intentioned  cryosorbtion  of  gases  (CO, 
C02  and  air)  onto  the  inner  wall  of  the  cavity  did  not 
change  the  picture. 

2  OBJECTIVES  FOR  2003 

The  vacuum  studies  at  cryogenic  temperature  will  be 
the  priority  of  the  new  measurement  campaign.  The  aim 
is  to  study  the  effect  of  surface  coverage  on  the  vacuum 
stability.  The  proof  of  existence  of  a  scmbbing  effect  at 
cryogenic  temperature  is  also  a  major  issue  since  the 
scrubbing  was  only  confirmed  at  room  temperature. 
These  experiments  will  be  carried  out  using  the  COLDEX 
experiment  equipped  with  a  beam  screen  design  closer  to 
the  LHC  baseline.  The  higher  order  modes  shielding  has 
been  improved  to  avoid  any  contribution  to  the  heat  load 
measured  by  COLDEX  using  a  dedicated  thermometry. 
An  RT  calorimeter  with  a  similar  aperture  will  allow 
comparing  heat  loads  at  cold  and  room  temperature.  The 


measurements  at  cryogenic  temperature  will  also  rely  on 
the  results  given  by  a  new  cold  strip-detector,  which  is  a 
strip-detector  operating  between  20  and  30  K  installed  in 
a  remotely  controlled  dipole  corrector. 


Fig.9:  Spatial  energy  distribution  (d^N/dxdE)  of  the 
electrons  measured  in  a  single-cycle  mode  using  the 
retarding  field  strip-detector. 


Fig.  1 0;  Schematic  view  of  the  100  MHz  coaxial  resonator 


Fig.  11:  Multipacting  measured  on  a  NEG  coated 
chamber  at  liquid  nitrogen  temperature. 

For  the  LHC,  heat  loads  will  be  an  issue  and  the  scaling 
firom  the  SPS  results  to  the  LHC  at  room  and  cryogenic 
temperature,  in  dipole  and  field-free  are  essentials. 
Benchmarking  the  simulations  is  also  necessary  and  the 
dependence  of  the  electron  cloud  build  up  on  the  height  of 
the  vacuum  chamber  will  be  studied  using  a  variable 
aperture  strip-detector.  This  strip-detector  operating  at  RT 
in  a  remotely  controlled  dipole  corrector  has  two  moving 
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plates  and  allows  apertures  between  50  and  85  mm  in  the 
vertical  plane.  The  exehangeable  plates  will  allow  testing 
solutions  to  cure  the  electron  cloud 

A  remotely  controlled  dipole  magnet  installed  on  top  of 
the  SEY  detector  will  allow  studying  the  evolution  of  the 
SEY  in  a  dipole  field  condition.  Since  the  electron  cloud 
threshold  is  lower  in  dipole  field  conditions,  an  additional 
decrease  of  the  SEY  is  expected. 

The  NEG  eoatings  used  in  the  LHC  LSS  appear  to  be  a 
remedy  for  the  electron  cloud.  The  SPS  NEG  test  bench 
will  be  used  again  to  validate  the  preliminaiy 
measurements  obtained  in  2002.  A  cycled  and  saturated 
NEG  will  also  be  studied  and  compared  to  a  fresh  NEG 
coating. 

Finally,  the  parameters  influencing  the  electron  cloud 
build  up  will  be  studied,  like  the  cloud  intensity  at 
ultimate  bunch  intensity,  the  effect  of  6  homogeneously 
distributed  batches  in  the  SPS  to  verify  if  the  electrons 
can  survive  a  3p.s  batch  spacing,  the  effect  of  the  75  ns 
bunch  spacing  and  the  energy  distributions  measured  with 
a  new  retarding  field  detector  with  an  increased 
resolution. 

3  CONCLUSIONS  AND  DISCUSSIONS 

As  being  the  LHC  injector,  the  scrubbing  runs 
confirmed  that  after  5  days  of  scrubbing,  the  SPS  should 
be  able  to  inject  3  or  4  batches  at  nominal  intensity  into 
the  LHC. 

However,  the  electron  cloud  is  still  “visible”  after  about 
500  hours  of  LHC-type  beams  with  4  batch-injections  at 
nominal  intensity  to  only  in  the  arcs  (dipole  field 
regions)  both  as  pressure  rises  and  on  the  electron  signals 
collected  by  the  strip-detectors.  In  the  field-free  regions, 
i.e.  in  the  long  straight  sections,  the  electron  cloud 
activity  decreased  below  the  detection  level  of  the  strip- 
detectors  (<  10'^  A/m).  This  observation  is  not  in 
contradiction  with  the  scrubbing  efficiency  since  most  of 
the  LHC  beam  time  used  for  the  scrubbing  was  with  1  or 
2  batches  injected  with  bunch  intensities  close  to  the 
electron  cloud  threshold  after  4  days  of  scrubbing.  The 
scrubbing  efficiency  depends  on  the  amount  and  energy 
of  the  impinging  electrons  (bunch  intensity,  bunch  length, 
number  of  batches).  Similarly  to  RF  and  FTV  devices,  the 
scrubbing  efficiency  is  limited  by  the  parameters  used 
during  the  scrubbing.  The  scmbbing  will  not  be  effective 
if  running  conditions  are  more  favourable  for  the  electron 
cloud  build  up. 

The  ultimate  SEY  value  reached  after  4  days  in  the 
field-free  regions  in  the  SPS  (8=1.5)  shows  the 
multipacting  threshold  under  these  conditions.  Analytical 
calculations  [16]  made  recently  fit  fairly  well  to  the 
measurements.  The  upward  drift  of  the  SEY  (5)  observed 
if  the  SPS  is  not  operated  with  LHC-type  beams  is  not  an 
issue  since  measurements  confirmed  that  the  SEY 
recovered  its  initial  value  after  4  hours  of  operation  with 
LHC-type  beams  above  the  electron  cloud  threshold.  The 
detrimental  effect  of  the  ramp  in  energy  (up  to  450  GeV) 
on  the  electron  cloud  build  up  as  a  consequence  of  the 


bunch  length  shortening  and  of  the  beam  orbit 
displacement  during  the  ramp,  need  to  be  confirmed  and 
quantified. 

For  the  LHC,  the  major  concern  is  the  excessive  heat 
load  due  to  the  electron  cloud.  Data  have  been  collected 
and  are  being  compared  with  the  predictions  from 
simulations.  However,  the  LHC  situation  is  expected  to  be 
more  complicated  since  most  of  the  machine  is  at  a 
ciyogenic  temperature’ and  therefore  the  gases  cryosorbed 
on  the  inner  surfaces  of  the  vacuum  chambers  could 
modify  the  present  picture  obtained  at  room  temperature. 
The  scrubbing  efficiency  is  not  yet  confirmed  on  cold 
surfaces  on  whieh  the  energy  of  Ae  impinging  electrons 
may  be  decreased  by  the  cryosorbed  gases. 

The  different  filling  schemes  in  the  two  machines  also 
complicate  the  extrapolation  from  the  SPS  situation  to  the 
LHC.  In  the  SPS  and  with  4  batches  injected,  the 
surviving  electrons  are  thought  to  be  lost  in  the  14.6  ps 
between  the  4'*'  batch  passage  and  a  new  passage  of  the  1®‘ 
batch.  In  the  LHC  [17],  the  situation  could  be  less 
favourable  since  the  ring  will  be  full  of  batches  and  the 
maximum  spacing  between  batches  will  not  exceed  3ps, 
corresponding  to  the  rise  time  of  the  LHC  dump  kickers. 
If  the  electrons  from  the  cloud  survive  these  gaps,  the 
build  up  may  be  significantly  enhanced. 
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Abstract 

Accelerators  for  heavy-ion  inertial  fusion  energy  (HIF) 
have  an  economic  incentive  to  fit  beam  tubes  tightly  to 
beams,  putting  them  at  risk  from  electron  clouds  produced 
by  emission  of  electrons  and  gas  from  walls.  Theory  and 
PIC  simulations  suggest  that  the  electrons  will  be  radially 
trapped  in  the  al  kV  ion-beam  potential.  We  are  beginning 
studies  on  the  High-Current  Experiment  (HCX)  with 
unique  capabilities  to  characterize  electron  production  and 
trapping,  the  effects  on  ion  beams,  and  mitigation  tech¬ 
niques.  We  are  measuring  the  flux  of  electrons  and  gas 
evolved  from  a  target,  whose  angle  to  the  beam  can  be 
varied  between  78°  and  88°  from  normal  incidence.  Quad- 
rupole  magnets  are  operating  with  a  variety  of  internal 
charged  particle  diagnostics  to  measure  the  beam  halo 
loss,  net  charge,  electron  ionization  rate,  and  gas  density. 

INTRODUCTION 

Electron  cloud  effects  (ECEs)  are  increasingly  recog¬ 
nized  as  important,  but  incompletely  understood,  dyna¬ 
mical  phenomena,  which  can  severely  limit  the  perfor¬ 
mance  of  colliders,  the  next  generation  of  high-intensity 
rings,  or  future  high-intensity  heavy  ion  accelerators  such 
as  envisioned  in  Heavy  Ion  Inertial  Fusion  (HIF)  [1]. 

Accelerators  for  HIF  have  an  economic  incentive  to  fit 
beam  tubes  tightly  to  beams.  This  places  them  at  risk 
from  gas  desorption  runaway,  and  from  electron  clouds 
produced  by  secondary  electrons  and  ionization  of  gas. 
We  have  initiated  an  experimental  and  theoretical 
program  to  measure,  understand,  and  model  these  effects 
in  heavy-ion  accelerators  [2]. 

HCX  CAPABILITIES 

Theory  and  PIC  simulations  suggest  that  the  electrons 
will  be  radially  trapped  in  the  al  kV  ion-beam  potential 
[2,3],  and  can  be  detrapped  by  drifting  into  an  upstream 
acceleration  gap  [2].  We  have  installed  four  quadrupole 
magnets  on  the  High-Current  Experiment  (HCX)  [4]  at 
LBNL  with  internal  electron  diagnostics. 

On  HCX  we  are  studying  the  transport  of  a  1  MeV,  180 
mA,  K'^  ion  beam.  (HCX  has  also  operated  at  1.8  MeV, 
500  mA.)  It  has  a  beam  potential  of  -1.5  kV,  rise  and  fall 
times  of  1  /ts,  and  a  flattop  duration  of  4  /is,  repeated  at 
10  s  intervals.  Electron  transit  times  between  walls  are  in 
the  range  of  7  ns,  almost  3  orders  of  magnitude  shorter 
*molvikl  @llnl.gov 


than  the  flattop  duration.  This  enables  exploration  of 
unique  electron  trapping  regimes:  multipactor  trapping 
will  not  occur  during  the  flattop,  however  secondary 
electrons  will  be  trapped  during  the  rise  time.  Ionization 
of  gas  by  the  beam  generates  deeply  trapped  electrons,  the 
ions  from  gas  are  expelled  in  si  /is. 

Trailing  edge  multipacting,  if  it  occurs,  will  be  at  the 
end  of  the  fall  time  when  the  bounce  time  of  electrons 
between  walls  grows  to  &25  ns  as  the  beam  potential  falls 
below  100  V.  Then  electrons  gain  a40  eV  on  each  transit. 
But,  all  electrons  should  be  lost  before  the  next  pulse,  10  s 
later  in  HCX,  0.2  s  later  in  a  future  power  plant  driver.  On 
PSR,  electrons  are  observable  for  surprisingly  long  times, 
but  still  only  until  1  /ts  after  a  pulse  [5] 

HCX  provides  an  opportunity  to  search  for  subtle  elec¬ 
tron  trapping  mechanisms.  To  elaborate  -  an  electron 
emitted  from  the  beam  tube  with  a  few  eV  is  accelerated 
by  the  beam  potential  to  -10*  higher  energy,  then 
decelerates  towards  the  opposite  wall.  An  irreversible 
conversion  of  only  -10"’  of  the  peak  radial  energy  to  axial 
or  azimuthal  eneigy  will  trap  the  electron,  preventing  it 
from  reaching  the  opposite  wdl. 

We  have  used  the  Gas-Electron  Source  Diagnostic 
(GESD)  on  the  HCX  to  measure  the  flux  of  electrons  and 
gas  evolved  from  a  target,  whose  angle  to  the  beam  can  be 
varied  between  78°  and  88°  from  normal  incidence.  The 
results  will  be  discussed  in  subsequent  sections. 

We  have  installed  a  variety  of  charged  particle 
diagnostics  in  qua(frupole  magnets  to  characterize  electron 
production  and  trapping:  (1)  Electrodes,  flush  with  the 
beam  tube  wall,  are  to  measure  the  beam  halo  loss  plus  the 
resulting  secondary  electron  emission.  Using  the  electron- 
emission  coefficient  measured  with  the  GESD,  we  can 
infer  the  beam-halo  loss.  (2)  Capacitive  probes  measure 
the  net  beam  charge  from  which  we  can  infer  electron 
densities  if  they  exceed  a  few  percent  of  the  beam  density. 
(3)  Grids  shield  collectors  from  the  3-orders-of-magnitude 
larger  capacitive  signal,  to  enable  measurement  of  the 
current  of  expelled  ions  from  ionization  of  gas.  This  ion 
current  will  be  calibrated  against  an  ion  gauge,  varying  the 
pressure  by  leaking  in  a  known  gas.  Then,  we  can 
determine  the  time  dependence  of  gas  density  in  the  beam 
It  also  directly  measures  the  production  rate  of  electrons 
from  gas  (when  corrected  by  the  ratio  of  the  ionization 
cross  section  to  the  sum  of  ionization  and  charge-exchange 
cross  sections).  Slit  scanners  and  beam  profile  diagnostics 


'  0-7803-7738-9/03/$17.00  ©  2003  IEEE 


312 


Proceedings  of  the  2003  Particle  Accelerator  Conferenee 


before  and  after  the  quadmpole  magnets  allow  effects  of 
electrons  on  the  ion  beam  to  be  determined. 

At  present,  the  diagnostic  bias  power  supplies,  signal 
preamps,  and  data  acquisition  recorders  and  software 
produce  reasonable  signals.  We  are  ready  to  commission 
the  diagnostics  to  establish  the  validity  of  the  information. 
Then  we  can  proceed  to  experiments  that  study  the  two 
major  sources  of  electrons:  secondary  emission  from  the 
beam  tube  and  ionization  of  background  and  desorbed  gas. 

ION  SCATTERING  FROM  SURFACE 

We  study  ion  scattering  from  surfaces  with  the  TRIM 
(now  SRIM)  Monte  Carlo  code  [6].  We  found  that  large 
fractions  of  the  incident  beam  ions  “backscatter”  near 
grazing  incidence.  Two  consequences  are: 

(1)  Halo  ions  in  quadmpole  magnets  tend  to  be  lost  where 
the  magnetic  field  is  tangent  to  the  beam  tube,  which 
confines  secondary  electrons  to  remain  harmlessly 
near  the  wall  [2].  But  ion  scattering  allows  energetic 
ions  to  impinge  the  beam  tube  at  other  azimuths  where 
the  field  lines  pass  through  the  beam.  Secondaries 
generated  there  could  be  trapped  within  the  beam. 

(2)  Gridded  collectors  depend  upon  suppressing  second- 
dary  electrons,  generated  at  one  electrode,  from 
reaching  another.  The  initial  gridded  collectors  are 
located  only  at  azimuths  where  the  magnetic  field  is 
tangent  to  the  electrode  surfaces,  resulting  in  magnetic 
insulation  of  collectors  from  grids.  These  can  measure 
expelled  ions,  but  not  currents  of  detrapped  electrons. 

ELECTRON  EMISSION 

On  HCX,  we  use  the  GESD  to  measure  electron 
emission  and  gas  desorption  from  1  MeV  ions  incident 
on  a  stainless-steel  target  near  grazing  incidence  (Fig.  2). 
These  data  allow  us  to  calibrate  electrodes  in  magnetic 
quadmpoles  that  are  flush  with  the  beam  tube:  by 
measuring  the  secondary  emission  current,  we  infer  the 
beam  loss  and  the  gas  desorption.  We  also  anticipate  using 
the  GESD  to  study  mitigation  techniques  for  reducing 
electron  emission  and  gas  desorption. 

The  surface  of  the  target  has  been  ground,  with  grooves 
parallel  to  the  beam  direction  to  minimize  the  ploughed- 
field  variations  in  ion  angle  of  incidence  on  a  micro¬ 
scopic  scale.  Each  electrode  can  be  biased  independently. 
The  electron  suppressor  ring  is  biased  to  -200  V  to  block 
electrons  from  entering  or  leaving  the  GESD. 

To  measure  the  beam  current  into  the  GESD,  we  raise 
the  target  to  the  upper  position  in  Fig.  2,  exposing  a 
Faraday  cup  to  the  beam.  We  bias  the  grid  to  -150  V,  and 
the  target/Faraday  cup  to  -40  V.  The  HCX  beam  is 
expanding  over  the  1.5  m  drift  to  the  GESD,  so  that  the 
current  into  the  GESD  is  ~0.14  mA,  out  of  a  total  beam 
current  of  180  mA  at  1  MeV.  Maintaining  the  ion-beam 
current  at  «1  mA  is  necessary  to  avoid  limiting  the 
electron  emission  current  by  space  charge  (the  target  to 
grid  gap  is  ~7  cm)  rather  than  by  electron  emission. 
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Figure  1.  TRIM-98  results  for  2000  1.8  MeV  ions 
incident  on  stainless  steel,  88°  from  normal.  The  energy  is 
shown  Vs.  the  angle  for  the  backscattered  64%  of  ions. 


To  measure  the  electron  emission  current,  we  bias  the 
grid  to  +150  V  and  the  reflected  ion  catcher  to  -25V, 
leaving  the  target  at  -40  V.  The  cateher  is  designed  to 
“catch”  about  90%  of  ions  reflected  (back-scattered)  from 
the  target.  The  SRIM  code  [6]  calculates  that  60-70%  of 
ions  incident  on  the  target  near  grazing  incidence  will  be 
reflected.  We  minimize  the  catcher  current  by  biasing  it 
15V  positive  relative  to  the  target. 

The  electron  emission  coefficient  is  shown  in  Fig.  3(a). 
We  apply  models  based  on  electron  energy  input  from  ion 
beam  dE/dx  in  matter.  These  models  predict  the  magni¬ 
tude  [7]  and  the  angular  dependence  of  the  electron 
emission  eoefficient  Tie  [8],  Tie  «  d/cos(0),  where  d/cos(0) 
is  the  ion  path  length  through  a  thin  d  “  2  nm  thick 
sirrface  layer  (where  secondary  electrons  originate). 

The  electron  emission  falls  below  the  l/cos(0)  curve 
beyond  86°  due  to  large-angle  nuclear  scattering  of  ions 
out  of  the  2  nm  layer.  [8].  We  tested  this  model  for 
saturation  with  the  SRIM  2003  code  [6]  by  varying  the 
thickness  d  of  a  thin  foil  with  1  MeV  K'^  incident  on  88°, 
until  the  transmitted  distance  normalized  to  d/cos(0)  was 
near  0.75  [we  settled  for  0.78  as  shown  in  Fig.  3(a)],  the 


Suppressor  grid  Ion  gauge 


Figure  2.  The  Gas-Electron  Source  Diagnostic  (GESD). 
Beam  from  the  left  is  incident  on  a  target  whose  angle  of 
incidence  can  be  varied  between  78°  and  88°  relative  to 
normal.  The  target  is  shown  at  3  angles,  the  upper 
position  centers  a  vee-shaped  Faraday  cup  on  the  aperture. 
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Figure  3.  (a)  Electron  emission  from  1  MeV  K*  incident 
on  stainless  steel  surface  varies  as  l/cos(0)  with  angle  of 
incidence  relative  to  normal,  (b)  Gas  desorption  varies 
more  slowly  with  angle  of  incidence  than  l/cos(0). 

amount  by  which  the  measured  fell  below  l/cos(0).  We 
found  that  d  =  2.2  nm  satisfied  this  condition.  Then  using 
this  thickness  at  other  angles  gave  the  dashed  line  curve  in 
Fig.  3(a),  which  is  a  reasonable  fit  to  the  data  at  other 
angles  near  grazing  incidence. 

GAS  DESORPTION 

The  gas  desorption  coefficient  tIq,  is  measured  from  the 
pressure  rise  after  a  pulse.  The  GESD  pumps  out  through 
the  0.3  by  2.5  cm  entrance  aperture,  plus  a  1  cm  diameter 
hole,  giving  a  pump-out  time  constant  of  0.3  sec,  long 
enough  for  an  ion  gauge  to  determine  the  peak  pressure, 
but  short  compared  with  the  10  s  before  the  next  pulse. 
The  less  than  l/cos(0)  dependence  of  gas  desorption 
indicates  that  it  is  not  only  from  layers  of  gas  adsorbed  on 
the  surface  (Fig.  2(b)). 

We  calibrated  the  GESD  Bayard-Alpert  ion  gauge,  over 
a  range  of  emission  currents  from  0.5-10  mA  and  at  two 
pressures  0.7  and  2.5  x  10  ®  Torr,  against  a  Granville 
Phillips  Stabil-Ion  Gauge.  The  sensitivity  varied  with 
emission  current  over  a  range  of  13%,  from  a  low  of  7.7 
Torr  ‘  at  2  mA  to  about  8.7  Torr  '  approaching  10  mA.  This 
compares  with  the  nominal  10  Torr''  for  the  GESD  gauge. 

We  compare  two  models  for  desorption:  physical  and 
electronic  sputtering.  Electronic  sputtering  is  due  to  the 
electronic  component  of  dE/dx  [9,10],  which  is  evaluated 


with  the  SRIM  code  [6].  Physical  sputtering  results  from 
the  nuclear  scattering  component  of  dE/dx,  but  is  much 
less  than  the  electronic  component  for  ions  with  energy 
exceeding  250  keV. 

The  major  difficulty  with  the  electronic  sputtering 
model  for  desorption  fi-om  accelerator  beam  tubes  is  that  it 
is  not  expected  to  be  applicable  to  ions  impinging  on 
metals,  because  free  electrons  rapidly  neutralize  charge 
separation  in  the  ion  track,  preventing  a  coulomb  explo¬ 
sion.  Ion  gauges  have  an  analogous  difficulty,  they  can 
only  measure  volatile  molecules  that  can  impinge  walls 
many  times  without  sticking.  Measurements  at  CERN 
found  the  dominant  desorbed  gases  to  be  CO,  CO2,  H2, 
and  CH4  [11],  all  insulators  in  solid  or  liquid  form. 

The  compelling  motivation  to  use  this  model  is  that 
much  more  eneigy  is  available  from  electronic  stopping 
than  from  nuclear  stopping  in  the  energy  range  for  heavy- 
ion  fusion,  and  even  more  so  for  high-energy  physies. 
With  physical  sputtering  from  the  nuclear  scattering,  it  is 
difficult  to  get  coefficients  greater  than  a  few  tens,  but 
electronic  sputtering  is  energetically  capable  of  producing 
desorption  coefficients  in  the  range  of  thousands  as 
observed  here  and  at  CERN  [11]. 
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Abstract 

Simulation  studies  of  electron  cloud  multipacting  were 
performed  for  the  SLAC  B-factory  vacuum  chamber  for 
different  bunch  trains  and  solenoidal  magnetic  field. 
Results  show  that  increasing  the  number  of  positron 
bunches  by  a  factor  of  two  and  keeping  the  same  current 
per  bunch  means  that  the  solenoidal  field  needs  to  be 
doubled  in  order  to  keep  the  same  electron  cloud  density. 
Fortunately  there  are  regions  that  are  “free  of 
multipacting”  at  smaller  values  of  field  where  the  electron 
cloud  density  can  not  get  very  high.  To  build  the  electron 
cloud,  positron  bunches  have  to  lose  some  amount  of  their 
kinetic  energy  through  the  longitudinal  electric  field. 
When  the  cloud  is  already  established,  this  longitudinal 
field  acts  as  an  oscillating  force.  This  action  is  similar  to 
the  action  of  RF  fields  in  a  cavity.  As  a  result  the  positron 
bunches  will  have  different  lengths  throughout  the  train. 

INTRODUCTION 

The  electron  cloud  at  PEP-II  in  the  low-energy  positron 
ring  is  built  up  from  multipacting  electrons  in  the  straight 
section  vacuum  chamber  and  secondary  emission  of 
electrons  from  the  vacuum  antechamber  in  the  arcs. 
Placing  solenoidal  magnetic  fields  around  the  ring 
successfully  reduced  multipacting  and  damped  the 
electron  cloud  instability  [1].  PEP-II  has  an  upgrade  plan 
that  is  leading  toward  higher  luminosity  by  doubling  the 
number  of  bunches  and  halving  the  bunch  spacing  [2]. 
Here  we  present  an  attempt  to  understand  the  effect  from 
this  new  bunch  pattern  on  electron  cloud  multipacting. 

THE  MODEL  OF  ELECTRON  CLOUD 

The  physical  nature  of  the  multipacting  process  leads  us 
to  use  fte  phase  distribution  function  for  the  best 
description  of  the  electron  cloud  and  for  a  precise 
modelling  of  secondary  electron  emission.  It  is  worth 
noting  that  the  usual  approach  of  particle  tracking  cannot 
accurately  describe  the  probability  process  of  secondary 
electron  emission.  The  energy  distribution  of  the 
secondary  electrons,  which  are  emitted  from  a  surface 
bombarded  with  primary  electrons,  has  a  narrow  peak  of 
order  5-6  eV.  However,  in  order  to  have  a  secondary 
emission  yield  of  more  than  one  electron,  the  primary 
electrons  must  have  energies  of  several  tens  of  electron 
volts.  This  means  the  emitted  electrons  have  to  be 
accelerated  by  the  field  of  positron  bunches  up  to  these 
energies  in  order  to  build  up  the  multipacting  process. 
The  force  vector  of  a  positron  bunch  determines  the 
vector  of  secondary  electron  momentum,  so  the  initial 
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angular  distribution  of  emitted  electrons  does  not  play  a 
significant  role.  Finally,  without  multipacting  the  number 
of  primary  electrons  coming  from  photoemission  is  not 
enough  to  create  a  noticeable  effect  on  the  positrons. 

In  the  straight  sections  of  PEP-II  the  vacuum  chamber 
is  round  and  made  from  stainless  steel.  The  electric  field 
of  a  positron  bunch  moving  along  the  axis  of  a  round  tube 
gives  a  radial  kick  to  the  cloud  electrons.  If  the  surface  of 
the  tube  wall  is  azimuthally  homogeneous  (secondary 
emission  yield  is  the  same  everywhere),  then  we  can 
imagine  that  the  electron  cloud  will  also  be  azimuthally 
homogeneous.  Therefore  we  only  need  a  two-dimension 
phase  distribution  fiinction  of  radius  and  radial 
momentum  to  get  a  complete  description  of  the  electron 
cloud  in  a  straight  section. 

Vlasov  equation  and  electromagnetic  forces 

The  phase  distribution  function describes  the 
electron  cloud  density  on  the  phase  plane  of  radius  and 
radial  momentum  as  illustrated  in  Fig.  1. 


Figure  1 :  Phase  distribution  function  with  radial 
momentum  on  the  left  stand  and  radius  on  the  right. 


The  phase  distribution  function  obeys  the  Vlasov 

equation  +  — — ry  +  y  — T  =  0 

dt  m,  dV  dr 

where  m^  is  the  electron  mass,  F  is  the  total  force  acting 

on  the  electrons  from  a  positron  bunch  field,  from  space 
charge  field  and  from  the  solenoid  magnetic  field.  The 
electric  field  of  a  positron  bunch  with  a  Gaussian  shape  is 
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w*^®re  7*^^  is  the  positron  bunch  current,  cr  is  the  bunch 
length,  is  the  revolution  ring  frequency  and 


Zg  —  120;r ,  Q  —  — - H  is  the  Larmor  frequency,  a 

Imjc 

is  the  radius  of  the  vacuum  pipe  and  acp^  is  the  initial 
azimuth  velocity.  Azimuthal  motion  has  this  invariant 
r  —  —  —  Q) .  The  space  charge  field  has 

radial  and  longitudinal  components.  In  the  case  of  a 
periodical  series  of  positron  bunches  i.e. 
E{t,z,r)  =  E{t  —  z/  c,0,r)),  these  components  are: 


E"f(r,T)  =  Zo  * 


is  the  radial  electron  cloud  current.  These  formulas 


give  an  estimation  of  the  average  electron  cloud  density 


2  “ 

=  “T  rdr  =  2 

n  J 


and  the  energy  gain  for  cloud  electrons  at  the  chamber 
wall  from  the  kick  of  a  positron  bunch 

fifr 

2  \mcf^2;ra^ 

The  spacing  between  positron  bunches  cT  is  equal  to  the 
RF  wavelength  multiplied  by  the  spacing  number  N.  For 
^ bunch  -2mA,  -136  kHz,  a=47mmand  cr=l  260mm 


(N=2)  we  get  IF=31eV  andK  =  2  * .  This 
means  that  accelerated  electrons  that  hit  the  wall  can 
produce  more  than  one  secondary  particle.  The  cloud 
density  is  of  the  order  of  the  density  of  the  residual  gas  in 
vacuum  chamber  (p~lnTorr). 


Computer  algorithm 

A  double-step  semi-implicit  finite-difference  scheme  with 
an  artificial  diffusion  parameter  is  used  to  numerically 
solve  the  Vlasov  equation.  The  scheme  has  a  very  good 
dispersion  relation  up  to  the  mesh-size  wavelength  and  a 
small  enough  diffusion  is  needed  to  compensate  any 
oscillation  effects  at  the  mesh-size  frequency.  The  wall 
conditions  are  described  by  the  probability  function 
=  a)*V,„=  {r  =  a)* x P 

The  probability  function  £■„„,)  is  a  combination  of 

secondary  emission  yield  and  a  spectrum  of  secondary 
electrons.  We  use  the  secondary  emission  yield  as  a 
function  of  the  primary  electron  energy,  which  was 
measured  by  R.E.  Kirby  for  stainless  steel  [3].  We  choose 
zero  yields  for  the  zero  energy  of  primary  electrons.  The 
energy  spectrum  of  the  secondary  electrons  includes 
inelastically  backscattered  and  elastically  reflected 


electrons.  Detailed  information  about  algorithm  can  be 
found  in  [4]. 

MULTIPACTING  AT  SMALL  FIELDS 

First  simulations  were  carried  out  for  small  solenoidal 
fields  to  study  the  growth  rates  of  cloud  density  due  to 
multipacting.  We  start  with  the  some  initial  distribution  of 
photoelectrons  then  let  positron  btmches  appear 
periodically  in  time  and  watch  how  the  electron  cloud 
density  changes  in  time.  Fig.2  shows  the  dynamics  of  the 
cloud  density  with  a  positron  train  that  has  bunch  spacing 
of  every  other  RF  bucket  (by  2)  and  bunch  current  of 
2mA  for  different  values  of  solenoidal  field.  At  the 
beginning,  the  cloud  density  increases  somewhat  like  an 
exponential,  but  then  saturates  due  to  the  action  of  space 
charge  forces. 


Figure  2:  Dynamics  of  electron  cloud  density 


MAIN  RESONANCE 

While  studying  the  behaviour  of  the  electron  cloud  for 
different  solenoidal  fields  we  found  a  strong  resonance. 
This  resonance  happens  when  the  time  interval  between 
the  positron  bunches  is  equal  to  the  flight  time  of  the 
secondary  particles  back  to  wall.  The  flight  time  is 
primarily  determined  by  the  solenoidal  field  FT  but  there  is 
a  contribution  from  the  cloud  size  and  intensity.  Naturally 
the  resonance  depends  strongly  upon  the  secondary 
emission  function.  The  resonance  is  the  boimdary 
between  completely  different  behaviours  of  the  electron 
cloud.  Multipacting  happens  when  the  flight  time  is  a 
little  bit  smaller  than  the  positron  time  interval,  when  the 
solenoidal  field  is  a  little  bit  higher  than  the  resonance 
field77>7^.  There  is  no  multipacting 
Fig.3  illustrates  this  effect. 


Figure  3:  Cloud  density  behaviour  in  resonance  region:  in 
solenoidal  field  of  37  Gauss  (left)  and  38  Gauss  (right). 


A  difference  of  only  1  Gauss  in  solenoidal  field 
completely  changes  the  behaviour  of  the  cloud. 
Corresponding  phase  photos  (high  plots)  of  the  clouds  are 
shown  at  Fig.4.  Clouds  are  “shof  ’  just  before  the  positron 
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bunch  arrives.  Secondary  particles,  produced  by  high- 
energy  particles  previous  positron  bunches  are  ready  to  be 
accelerated  by  the  next  positron  bunch.  After  acceleration 
they  will  come  back  to  the  wall  and  produce  more  new 
particles. 


Figure  4:  Electron  clouds  on  the  phase  plane  just  before  a 
positron  bunch  arrives.  The  left  picture  is  for  a  solenoidal 
filed  H=  37G  and  the  right  picture  for  H=38G. 


It  is  possible  to  see  that  the  “right”  cloud  mainly  consists 
of  secondary  particles.  However  the  “left”  cloud  has  an 
additional  high-energy  peak,  which  will  be  decelerated  by 
the  positron  bunch  and  will  arrive  at  the  wall  with  very 
little  energy  and  hence  will  not  produce  new  secondary 
particles.  Therefore  the  density  will  go  down  and 
eventually  the  “left”  cloud  will  decay  away. 

OTHER  RESONANCES 

We  can  assume  that  there  can  be  some  other  resonances. 
A  resonance  can  also  happen  if  the  flight  time  of  the 
secondary  particle  is  equal  to  an  integer  number  of  time 
intervals  between  positron  bunches. 


Figure  5;  Electron  cloud  saturated  density  (N=  2, 4). 


Figure  6:  Growth/damping  rates  for  (N=2, 4). 

These  resonances  happen  at  smaller  values  of  the 
solenoidal  field.  In  our  case  we  have  a  second  resonance 
at  solenoidal  field  strength  of  23G.  Other  resonances  are 
in  the  region  below  10  G.  Fig.5  and  Fig.  6  show  the 
saturated  values  of  the  electron  cloud  as  a  function  of  the 
solenoidal  field  and  growth/damping  rates.  Negative 
values  mean  that  the  cloud  decay  away  after  some  time. 
There  is  no  multipacting  when  the  solenoidal  field  is  more 
than  60  G.  Clear  regions  are  also  in  the  gap  of  26-36  G 


and  14-22  G.  For  comparison  we  present  analogue  curves 
for  the  positron  bunch  spacing  by  4.  The  main  resonance 
is  moved  to  16  G,  other  resonances  are  in  the  region 
below  8  G.  No  multipacting  after  30  G  and  in  the  gap  8- 
15  G.  It  is  interesting  to  note  that  in  the  region  of  39  G 
there  is  a  jump  in  the  damping  rate.  It  suggests  that  there 
is  a  half  integer  resonance:  the  forced  frequency  from  the 
field  of  positron  bunches  is  two  times  smaller  than  the 
repetition  rate  of  the  secondary  electron  emission. 

LONGITUDINAL  ELECTRIC  FIELD  OF 
THE  ELECTRON  CLOUD 

Positron  bunches  have  to  lose  some  of  their  kinetic  energy 
in  order  to  build  the  electron  cloud.  The  field  that  is 
responsible  for  the  energy  transformation  is  the 
longitudinal  electric  field.  When  the  cloud  is  already 
built,  this  longitudinal  field  acts  as  an  oscillating  force  on 
the  cloud  electrons  and  gives,  at  the  same  time,  an 
additional  energy  variation  inside  the  positron  bunches. 
The  head  of  the  positron  bunch  is  accelerated  and  the  tail 
is  decelerated.  This  action  of  the  longitudinal  field  is 
similar  to  the  action  of  RF  fields  in  a  cavity  and  it  has  the 
same  sign.  As  a  result  the  positron  bunches  will  have 
different  lengths  throughout  the  train.  Figure  1 1  shows  a 
longitudinal  field  together  with  the  positron  bunch  shape. 
The  energy  gradient  along  a  positron  bunch  is  more  than 
2.5kV/m^  The  total  length  of  all  the  straight  sections  in 
the  positron  storage  ring  is  around  740  m,  so  the  total 
effect  of  the  electron  cloud  can  be  of  the  order  of 
1.85MV/m,  which  is  equivalent  to  185  kV  of  RF  voltage 
at  476  MHz.  It  is  easy  to  make  an  analytical  estimation 
for  this  effect.  The  additional  energy  variation  in  a 
positron  bunch  can  be  easily  estimated: 

f  +  \2 

AW  11  = - - - m^C^*  bunch 

^rf*N  ^ 

This  formula  gives  the  same  result  we  obtain  from 
computer  simulations. 


Figure  7:  Longitudinal  electric  field  in  the  electron  cloud. 
Solenoidal  field  is  38  G  and  the  bunch  spacing  W=2. 
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Abstract 

In  the  last  decade  demand  for  brightness  in  synchrotron 
light  sources  and  luminosity  in  circular  colliders  led  to  con- 
stmction  of  multiple  high  current  storage  rings.  Many  of 
these  new  machines  require  feedback  systems  to  achieve 
design  stored  beam  currents.  In  the  same  time  frame  the 
rapid  advances  in  the  technology  of  digital  signal  process¬ 
ing  allowed  the  implementation  of  these  complex  feedback 
systems.  In  this  paper  I  concentrate  on  three  applications 
of  feedback  to  storage  rings:  orbit  control  in  light  sources, 
coupled-bunch  instability  control,  and  low-level  RF  con¬ 
trol.  Each  of  these  applications  is  challenging  in  areas  of 
processing  bandwidth,  algorithm  complexity,  and  control 
of  time-varying  beam  and  system  dynamics.  I  will  review 
existing  implementations  as  well  as  comment  on  promising 
future  directions. 

INTRODUCTION 

In  the  last  10-15  years  digital  feedback  became  not  only 
an  accepted  tool  in  the  accelerator  community,  but  a  critical 
tool  necessary  for  success  of  a  modem  storage  ring.  There 
many  applications  of  the  digital  feedback  methods  in  dif¬ 
ferent  areas  of  machine  operation  including,  but  not  limited 
to,  coupled-bunch  instability  control,  low-level  RF  control, 
orbit  feedback,  and  luminosity  optimization  in  colliders. 

FEEDBACK  FUNDAMENTALS 

The  objective  in  feedback  control  is  to  make  some  output 
of  a  dynamic  system  behave  in  a  desired  way  by  manipu¬ 
lating  the  input  of  that  system.  A  general  block-diagram 
of  such  a  system  is  shown  in  Fig.  1 .  The  system  consists 
of  the  physical  system  (plant)  the  output  of  which  we  want 
to  control.  The  output  signal  y  is  measured  by  the  sen¬ 
sors  and  sent  to  the  controller.  The  control  objective  might 
be  to  keep  y  small  (or  close  to  some  constant  value)  -  this 
is  defined  as  a  regulator  problem.  A  different  objective  is 
to  make  plant  output  y  follow  some  reference  signal  r  - 
a  servomechanism  problem.  Controller  in  Fig.  1  can  be  a 
regulator  -  then  input  r  is  omitted  -  or  a  servo.  In  any  case 
controller  determines  the  error  between  plant  output  and 
desired  value  and,  based  on  the  knowledge  of  plant  dynam¬ 
ics,  computes  the  control  output  u.  The  control  signal  is 
then  applied  to  the  plant  via  actuators. 

Performance  of  a  feedback  system  can  be  evaluated  us¬ 
ing  many  different  approaches.  For  a  servo  problem  time- 
domain  response  characteristics  are  popular.  These  include 
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Figure  1 :  Generalized  block  diagram  of  a  feedback  system 

step  response  parameters  such  as  rise  time,  settling  time, 
overshoot.  Tracking  errors  in  response  to  constant  or  lin¬ 
early  varying  inputs  are  often  used  as  well  [1], 

For  a  regulator  application  steady-state  errors  in  re¬ 
sponse  to  known  disturbance  spectra  provide  an  important 
performance  measure.  Such  errors  can  be  evaluated  using 
the  root-mean  square  (RMS)  or  peak  approaches.  Another 
important  measure  of  feedback  performance  is  the  RMS  or 
peak  actuator  effort,  especially  important  due  to  the  finite 
excursion  ranges  of  physical  actuators. 

Multi-input  multi-output  systems 

Many  feedback  control  problems  in  storage  rings  in¬ 
volve  multiple  inputs  and  outputs.  An  example  of  a  MIMO 
system  is  dynamic  behavior  of  coupled-bunch  instabilities. 
Here  each  bunch  can  be  considered  as  a  harmonic  oscillator 
coupled  to  all  other  bunches.  This  results  in  a  fully  coupled 
MIMO  system  with  individual  bunch  positions  being  plant 
outputs  and  bunch  correction  kicks  as  plant  inputs.  For  a 
single  beam  position  sensor  and  a  single  correction  kicker 
the  individual  bunch  signals  are  time  multiplexed  making 
the  system  seem  to  be  single-input  single-output  (SISO). 

Feedback  control  of  MIMO  systems  is  computationally 
intensive.  In  general,  for  an  M-input  A-output  plant  the 
feedback  controller  must  perform  M  x  N  transfer  matrix 
computation.  Each  element  of  such  matrix  has  dynamic  be¬ 
havior  and  can  be  implemented  as  an  analog  or  digital  filter. 
In  practice  one  tries  to  avoid  full  transfer  matrix  computa¬ 
tion  by  using  diagonal  or  sparse  stmctures.  Often  the  con¬ 
troller  can  be  reduced  to  a  constant-coefficient  matrix  mul¬ 
tiplication  combined  with  a  diagonal  dynamic  controller. 

Digital  feedback  control 

A  digital  feedback  controller  usually  consists  of  one  or 
more  analog-to-digital  converters  (ADCs)  which  digitize 
analog  sensor  signals.  These  digitized  signals  are  pro¬ 
cessed  by  a  linear  or  non-linear  control  algorithm  to  com¬ 
pute  actuator  signals.  A  reference  input  for  the  servomech¬ 
anism  applications  can  be  introduced  in  either  continuous 
or  discrete-time  domains.  The  output  of  the  controller  is 
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usually  applied  to  actuators  via  the  back-end  digital-to- 
analog  converters  (DACs). 

The  feedback  control  algorithm  is  commonly  imple¬ 
mented  as  a  linear  time-invariant  system  using  finite  or  in¬ 
finite  impulse  response  (FIR  or  HR)  stmctures.  Nonlinear 
control  methods  can  sometimes  offer  better  performance, 
but  are  more  difficult  to  analyze  and  design  than  linear  con¬ 
trollers.  For  certain  applications,  e.g.  control  of  a  dou¬ 
ble  integrator  plant,  non-linear  control  stmctures  have  been 
well  developed  and  analyzed  [2,  p.  581]. 

Control  algorithm  design  methods  can  be  separated  into 
two  main  classes:  emulation  of  continuous-time  controllers 
and  discrete-time  design  [2,  p.  158].  The  emulation  ap¬ 
proach  is  attractive  since  the  design  is  done  in  the  contin¬ 
uous  domain.  It  is  especially  useful  if  proven  continuous¬ 
time  controllers  already  exist.  However  reliable  discrete 
emulation  of  such  controllers  requires  significant  oversam¬ 
pling  of  the  control  bandwidth  with  suggested  sampling 
rate  to  control  bandwidth  ratios  of  20  to  30  [1,  p.  601]. 

Design  of  digital  feedback  controllers  in  the  discrete¬ 
time  often  uses  proportional-integral-derivative  (PID) 
stmctures.  Tuning  and  optimization  of  PID  control  is 
straightforward,  however  PID  designs  are  best  suited  to  rel¬ 
atively  simple  plant  dynamics. 

A  more  sophisticated  design  method  is  the  state-space 
control  when  the  actuator  signal  is  computed  from  the  in¬ 
formation  on  the  internal  states  of  the  plant.  Such  an  ap¬ 
proach  provides  the  designer  with  independent  control  of 
all  closed-loop  plant  poles.  Since  internal  states  of  the  plant 
are  rarely  available  in  full,  a  parallel  model  of  the  plant  dy¬ 
namics  (an  estimator)  is  commonly  used  to  estimate  the 
internal  state  of  the  plant.  The  estimator  is  normally  used 
in  a  closed  loop  configuration  which  adjusts  the  estimated 
states  using  the  error  between  estimator  and  plant  outputs. 
The  next  step  in  the  control  design  is  to  use  optimal  con¬ 
trol  methods  to  design  both  the  estimator  and  the  state-to- 
actuator  matrix.  Commonly  used  approaches  include  lin¬ 
ear  quadratic  regulator  steady-state  optimal  control  which 
minimizes  the  weighted  quadratic  sum  of  state  and  actua¬ 
tor  excursions.  Optimal  estimator  design  is  often  based  on 
a  Kalman  filter  which  optimizes  state  estimation  using  the 
knowledge  of  process  and  sensor  noise  [2,  p.  444]. 

'  Robust  control  design  extends  the  notion  of  optimality 
to  include  the  sensitivity  of  the  closed-loop  system  to  vari¬ 
ations  in  loop  parameters  and  other  uncertain  terms. 

Waterbed  effect 

The  plant  is  subject  to  external  disturbances  which  affect 
the  output  y.  As  one  of  the  performance  criteria  of  the  con¬ 
trol  system  one  can  consider  the  reduction  of  the  transfer 
gain  from  external  disturbanee  input  to  plant  output. 

Let  to  be  the  open-loop  transfer  function  of  a 

SISO  system.  Then  the  sensitivity  function  S{jw)  = 
(1  -I-  determines  transfer  characteristics  from  an 

input  to  a  summing  junction  to  its  output. 

The  Bode  integral  theorem  states  that  if  the  open-loop 


Figure  2:  |S(jw)|  for  two  loop  gain  settings  as  well  as 
open-loop  is  shown  on  the  top  plot,  while  the  gain  from  the 
input  to  the  output  of  the  plant  is  illustrated  on  the  bottom. 


transfer  function  has  no  poles  in  the  right-hand  plane  (a 
stable  system)  and  there  two  or  more  poles  than  zeros,  the 
following  equation  holds 

00 

log|5(jw)|da;  =  0  (1) 

According  to  this  equation,  if  the  sensitivity  function  is 
reduced  in  some  band  of  frequencies  it  must  necessarily 
increase  elsewhere.  For  a  system  with  a  bandlimited  loop 
transfer  function  it  can  be  shown  [3,  p.  89]  that  Eq.  1  leads 
to  a  peaking  phenomenon  in  the  sensitivity  function.  Thus 
a  comparison  with  a  waterbed:  when  one  pushes  down 
|S'(yw)|  in  one  place  it  pops  up  in  another. 

The  waterbed  effect  is  illustrated  in  Fig.  2  for  propor¬ 
tional  feedback  around  the  plant  P[s)  =  Applica¬ 

tion  of  the  feedback  attenuates  the  unity  open-loop  sensi¬ 
tivity  function  at  low  frequencies  with  moderate  peaking 
above  0.8  rad/s.  When  the  feedback  gain  is  raised,  im¬ 
provement  of  the  low-frequency  disturbance  rejection  is  ac¬ 
companied  by  increased  peaking.  Note,  however,  that  the 
bottom  plot  shows  much  smaller  disturbance  amplification 
if  the  effect  is  measured  at  the  plant’s  output. 

In  order  to  achieve  improvement  with  feedback  three 
techniques  are  traditionally  used  for  waterbed  effect  mit¬ 
igation.  The  first  method  is  to  consider  not  just  the  sensi¬ 
tivity  function,  but  its  product  with  the  plant  transfer  func¬ 
tion  P{juj).  If  sensitivity  amplification  occurs  in  a  range  of 
frequencies  where  plant  response  is  small,  the  overall  ef¬ 
fect  is  attenuated.  However  one  must  remember  that  noise 
induced  elsewhere  in  the  feedback  loop,  e.g.  additive  sen¬ 
sor  noise,  will  be  amplified  by  S{juj).  Another  method 
is  to  use  the  knowledge  of  external  disturbance  spectra  to 
place  sensitivity  function  peaks  away  from  significant  ex¬ 
citations.  Finally,  for  rejection  of  periodic  disturbances  one 
can  use  the  feedforward  approach. 
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FEEDBACK  CONTROL  OF 
COUPLED-BUNCH  INSTABILITIES 

Control  of  transverse  and  longitudinal  coupled-bunch  in¬ 
stabilities  is  critical  for  successful  operation  of  the  high- 
current  storage  rings.  Designers  of  the  bunch-by-bunch 
feedback  systems  used  digital  technology  quite  early  on 
due  to  two  factors.  They  needed  a  way  to  implement  one- 
tum  bunch  delay  which  for  large  rings  is  more  feasible 
digitally.  Also,  bunch  motion  is  sampled  at  the  revolu¬ 
tion  frequency  by  a  beam  position  monitor  (BPM)  mak¬ 
ing  this  problem  a  natural  fit  for  discrete-time  processing. 
Early  feedback  systems  [4]  only  used  digital  delay  while 
the  next  generations  of  bunch-by-bunch  feedback  [5]  com¬ 
bined  both  digital  delay  and  filtering. 

It  is  convenient  to  model  coupled-bunch  instabilities  as 
a  MIMO  system  consisting  of  N  coupled  harmonic  oscil¬ 
lators.  Such  a  structure  in  combination  with  a  bunch-by- 
bunch  feedback  controller  is  shown  in  Fig.  3.  Longitudinal 
or  transverse  positions  of  bunches  are  the  outputs  of  the 
plant  while  the  voltage  kicks  are  the  inputs. 

The  goal  of  the  feedback  system  is  to  stabilize  the  plant 
transfer  G(s).  A  powerful  control  architecture  in  this  case 
is  diagonal,  i.e.  bunch-by-bunch  feedback.  The  correction 
signal  for  a  given  bunch  is  computed  based  only  on  the  mo¬ 
tion  of  that  bunch.  It  can  be  shown  that  a  bunch-by-bunch 
feedback  system  that  acts  equally  on  every  bunch  also  acts 
equally  on  every  eigenmode.  Since  eigenmodes  normally 
differ  only  parametrically,  bunch-by-bunch  feedback  can 
provide  simultaneous  stabilization  of  all  eigenmodes. 

Three  feedback  designs  capable  of  processing  bunch  sig¬ 
nals  at  2  ns  intervals  and  controlling  coupled-bunch  insta¬ 
bilities  in  the  machines  with  thousands  of  bunches  and  hun¬ 
dreds  of  unstable  eigenmodes  emerged  in  the  1990s.  One 
of  these  is  the  longitudinal  feedback  system  currently  in  use 
at  ALS,  BESSY-II,  DA$NE,  PEP-II,  and  PLS,  the  second 
was  developed  for  KEK-B,  and  the  third  was  designed  by 
the  ELETTRA/SLS  collaboration. 

The  SLAC/ALS/DA$NE  design  is  a  longitudinal  only 
feedback  system  due  to  its  use  of  downsampling  [6],  The 
system  is  very  flexible  and  has  been  used  to  sample  bunch 


Figure  3:  Block  diagram  of  the  beam  and  the  bunch-by¬ 
bunch  feedback  system 


Figure  4:  Magnitude  (top)  and  phase  (bottom)  responses  of 
a  dual-peak  and  peak-notch  filters  used  in  control  and  study 
of  quadrupole  instabilities  in  DA$NE  e“  ring 

motion  at  238-500  MHz  and  to  process  120- 1746  bunches. 
The  feedback  correction  signal  is  computed  using  either  a 
12-tap  FIR  algorithm  or  a  12*'*  order  HR  filter. 

The  KEK-B  feedback  system  processes  every  bunch  on 
every  turn  and,  therefore,  can  be  used  for  either  trans¬ 
verse  or  longitudinal  feedback.  The  system  parameters  are 
matched  to  KEK-B  RF  frequency  of  508  MHz  and  har¬ 
monic  number  of  5120.  The  control  filter  in  this  case  is 
a  much  simpler  two-tap  FIR  [7]. 

Finally,  the  ELETTRA/SLS  design  bridges  the  gap  be¬ 
tween  the  first  two  systems.  It  is  capable  of  processing 
every  bunch  on  every  turn  for  transverse  feedback  using  a 
5-tap  FIR  filter  to  compute  the  correction  signal.  The  sys¬ 
tem  can  also  be  reconfigured  for  downsampled  longitudinal 
processing  with  longer,  10-tap  FIR  filters.  Thus  the  ELET¬ 
TRA/SLS  design  combines  capabilities  for  transverse  pro¬ 
cessing  of  the  KEK-B  system  with  the  relatively  complex 
control  algorithms  of  the  SLAC/ALS/DA$NE  system  [8]. 

The  value  of  digital  feedback  flexibility  is  seen  in  the 
longitudinal  feedback  system  at  DA$NE  configured  to  si¬ 
multaneously  control  both  dipole  and  quadrupole  insta¬ 
bilities  [9].  Due  to  large  bunch  length  in  this  machine 
the  dipole  feedback  system  can  affect  the  quadrupole  dy¬ 
namics  of  the  beam.  Frequency  separation  of  dipole  and 
quadrupole  signals  makes  it  possible  to  design  feedback 
controllers  for  simultaneous  stabilization  of  both  instabil¬ 
ities.  A  filter  design  algorithm  has  been  developed  for  this 
task  and  allows  independent  control  of  gain  and  phase  re¬ 
sponses  at  and  around  these  two  frequencies.  In  Fig.  4 
frequency  responses  of  two  control  filters  are  presented. 
The  dual-peak  filter  has  gain  peaks  centered  at  the  syn¬ 
chrotron  frequency  and  its  first  harmonic  with  nearly  equal 
gains  and  -1-90  and  -90  degrees  phase  shifts  for  dipole 
and  quadmpole  oscillations  respectively.  The  second  filter 
with  a  notch  at  the  quadrupole  frequency  is  used  to  allow 
growth  of  quadrupole  instabilities  while  maintaining  con¬ 
trol  of  dipole  motion.  Such  a  filter  was  used  first  to  ver¬ 
ify  the  existence  of  quadrupole  instabilities  and  rule  out 


320 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


Figure  5 :  A  block  diagram  of  one  ehannel  of  PEP-II  double-peaked  comb  filter 


excitation  of  quadmpole  motion  via  the  dipole  feedback 
system.  In  addition,  these  filters  have  been  used  to  con¬ 
duct  grow/damp  measurements  of  the  quadmpole  coupled- 
bunch  instabilities  [10]. 

LOW-LEVEL  RF  CONTROL 

In  the  PEP-II  collider  sophisticated  low-level  RF  feed¬ 
back  loops  are  used  to  reduce  the  effective  fundamental 
impedance  of  the  RF  cavities  seen  by  the  beam.  This  brings 
down  the  longitudinal  coupled-bunch  instability  growth 
rates  into  the  manageable  range.  Direct  and  comb  feed¬ 
back  loops  are  the  two  main  elements  of  low-level  RF  feed¬ 
back  providing  impedance  control  over  ±1.3  MHz  band 
around  the  RF  frequency.  These  wideband  loops  are  com¬ 
plemented  by  multiple  slower  hardware  and  software  feed¬ 
back  loops  used  to  maintain  a  consistent  operating  point  of 
the  klystron,  eliminate  loop  gain  and  phase  changes  with 
the  klystron  output  power  shifts,  reject  periodic  gap  tran¬ 
sients,  etc.  [11]. 

The  achievable  gain  of  the  direct  loop  is  determined  by 
the  total  group  delay  in  the  system.  In  order  to  minimize  the 
controller  delay  the  direct  loop  processing  is  analog  and  has 
a  total  of  86  ns  of  delay.  Compare  this  with  a  single  sam¬ 
ple  delay  of  100  ns  if  using  digital  processing  at  10  MHz. 
To  Improve  impedance  reduction  at  the  synchrotron  side¬ 
bands  of  revolution  harmonics  a  double-peaked  comb  filter 
loop  is  used.  This  comb  filter  applies  significant  additional 
loop  gain  in  a  narrowband  manner  thus  avoiding  the  group- 
delay  limitation  of  the  direct  loop.  Such  filter  is  adjusted 
for  a  full  turn  of  delay  to  obtain  proper  (periodic)  phasing 
at  all  revolution  harmonics.  One  of  the  two  channels  of 
this  filter  is  illustrated  in  Fig.  5.  The  filter  samples  cavity  I 
and  Q  signals  at  10  MHz  resulting  in  72  samples  per  turn. 
The  second  order  HR  filter  is  used  to  generate  peaks  at  the 
synchrotron  sidebands  as  well  as  notches  at  the  revolution 
harmonics.  The  HR  filter  is  followed  by  a  32-tap  FIR  filter 
which  implements  a  group-delay  equalizer  as  well  as  a  low- 
pass  filter.  The  system  allows  for  25  ns  steps  in  DAC  clock 
edge  placement  for  improved  one-turn  delay  matching. 

GLOBAL  ORBIT  FEEDBACK 

Application  of  feedback  formalism  to  orbit  feedback 
started  with  the  pioneering  work  of  R.  Hettel  on  local  orbit 
control  in  1983  [12].  By  1989  a  global  orbit  feedback  sys¬ 
tem  was  implemented  and  tested  at  NSLS  VUV  ring  [13]. 
This  system  used  analog  signal  processing  and  was  lim¬ 
ited  to  4  position  sensors  and  4  corrector  magnets.  Later 


systems  used  fast  digital  feedback  capable  of  sampling  at 
1  kHz  or  faster  and  supporting  tens  and  hundreds  of  BPMs 
and  correctors.  Such  systems  were  implemented  and  com¬ 
missioned  at  the  APS  [14],  ESRF  [15],  and  many  other 
storage  rings. 

Global  orbit  feedback  control  algorithms  utilize  the  in¬ 
formation  in  response  matrix  R  which  relates  small-signal 
corrector  changes  Ac  and  the  resulting  orbit  shifts  Ax: 

Ax  =  RAc 

The  BPM-to-corrector  transformation  matrix  Ri„v  is 
computed  to  minimize  the  error  term  |RRi„vAx  —  Ax| 
using  direct  matrix  inversion  or  singular  value  decomposi¬ 
tion  [16]. 

A  general  block  diagram  of  a  global  orbit  feedback  sys¬ 
tem  is  shown  in  Fig.  6.  Transverse  position  of  the  beam 
is  measured  at  N  BPMs  distributed  around  the  ring.  The 
measured  orbit  is  digitized  and  subtracted  from  a  reference 
orbit.  The  error  signal  is  processed  by  the  compensation 
filter  and  transformed  from  the  BPM  space  to  the  correc¬ 
tor  space  using  Rinv  Resulting  correction  terms  are  added 
to  reference  magnet  settings  and  applied  to  the  corrector 
magnets  via  DACs  and  power  supplies. 

Main  technical  challenges  in  fast  global  orbit  feedback 
are  due  to  the  distributed  nature  of  the  sensors  and  the  actu¬ 
ators.  Correction  computation  generally  requires  the  infor¬ 
mation  from  all  of  the  BPMs  leading  to  adoption  of  reflec¬ 
tive  memory  [14]  and  fast  networking  [17]  communication 
schemes.  The  choice  of  the  control  structure  is  by  no  means 
obvious.  While  static  correction  is  addressed  by  the  inverse 
response  matrix,  the  compensation  filter  is  very  important 
for  achieving  good  dynamic  performance,  e.g.  external  dis¬ 
turbance  rejection.  Most  designs  to  date  have  used  variants 
of  PID  control  as  a  compensation  filter,  optimal  and  ro¬ 
bust  controller  designs  should  be  explored.  Placement  of 


Figure  6:  Block  diagram  of  a  global  orbit  feedback  system 
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Table  1:  Comparison  of  three  digital  feedback  applications  in  storage  rings 


Low-level  RF  feedback 

Digital 

M  jiii  1 II iimi II iiiiM 

23-500  MHz 

1-5  kHz 

10  MHz 

12-5120 

16-160 

2  X  72 

MiMU  control 

Diagonal 

Inverse  response  matrix/diagonal 

Diagonal 

Control  complexity 

12*'*  order  HR 

4*"  order  HR 

2"“  order  IIR,32-tap  FIR 

the  dynamic  controller  in  the  BPM,  eigenvector,  or  correc¬ 
tor  basis  strongly  affects  the  closed-loop  behavior  of  the 
system.  Control  algorithm  in  the  eigenvector  basis  would 
allow  one  to  better  filter  small  eigenvalues  which  are  more 
sensitive  to  individual  BPM  errors.  Finally,  control  filters 
in  the  corrector  basis  provide  a  way  to  equalize  system  re¬ 
sponse  between  fast  and  slow  corrector  magnets.  Corrector 
saturation  issues  are  important  in  a  practical  system  and  are 
partially  addressed  by  the  SVD  algorithm. 

SUMMARY 

Table  1  summarizes  the  digital  feedback  applications  in 
high-current  storage  rings  that  were  considered  in  this  pa¬ 
per.  These  applications  cover  a  wide  range  of  sampling 
rates  and  input-output  dimensions  as  well  as  a  wide  range 
of  control  algorithm  complexities.  Diagonal  control  dom¬ 
inates  the  MIMO  feedback  architectures,  mostly  due  to 
computational  complexity  limitations;  even  fully  coupled 
implementations  separate  dynamic  control  into  a  diagonal 
structure.  Analog  feedback  is  still  important,  especially  for 
ultra-low  group  delay  medium-to-wideband  applications. 
At  the  same  time  even  analog  feedback  channels  benefit 
from  integrated  digital  diagnostics. 

Promising  future  directions  for  digital  feedback  in  stor¬ 
age  rings  involve  higher  sampling  rates  and  ADC  resolu¬ 
tions.  Faster  sampling,  in  turn,  leads  to  wider  use  of  dig¬ 
ital  receiver  structures  to  detect  beam  signals.  Explosive 
growth  in  commercial  digital  signal  processing  architec¬ 
tures  in  the  last  10  years  resulted  in  powerful  off-the-shelf 
signal  processing  products  which  can  be  used  to  acceler¬ 
ate  feedback  development  cycles.  Application  of  optimal 
and  robust  control  methods  can  help  to  improve  both  per¬ 
formance  and  reliability  of  feedback  systems. 
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Abstract 

A  digital  transverse  and  longitudinal  bunch-by-bunch 
damper  has  been  prototyped  and  tested.  The  damper  is 
based  on  immediate  14-bit  digitization  at  212  MHz  (4x 
the  53  MHz  RF  bunch  frequency),  digital  pipelined 
processing  in  field-programmable  gate  array  (FPGA) 
logic,  and  a  digitally  synthesized  damping  kick  driven  by 
a  212  MHz  DAC.  A  single  board  performs  all 
calculations  for  both  transverse  and  longitudinal  damping, 
as  vifell  as  providing  extensive  diagnostic  read  out,  and 
automatically  switching  between  the  variety  of  beam 
types  present.  Initial  prototyping  was  carried  out  by 
customizing  firmware  on  a  commercial  board,  and  has 
successfully  demonstrated  bunch-by-bunch  transverse 
damping,  antidamping,  and  pinging.  Longitudinal 
damping  uses  identical  firmware  with  different  FIR 
coefficients,  and  will  be  beam  tested  when  cavities  and 
power  amplifiers  are  installed  in  the  Main  Injector 
summer  2003.  A  second  generation  board,  in  which 
damping  calculations  for  all  3  coordinates  are  performed 
in  a  single  large  FPGA  is  in  fabrication.  Several  other 
applications  are  being  considered  for  this  board,  including 
implementation  of  an  entire  Low-Level  RF  system  on  a 
single  board. 

INTRODUCTION  AND  MOTIVATION 

Fermilab’s  Run  II  began  without  functioning  beam 
dampers  on  any  of  its  accelerators.  Existing  dampers  had 
either  been  decommissioned  or  were  inappropriate  for 
collider  mode  operations.  As  a  result,  a  crash  program  to 
develop  general-pinpose  dampers  using  state-of-the  art 
digital  techniques  was  initiated  for  the  Main  Injector  and 
Recycler,  in  addition  to  specialized  dampers  for  the 
Tevatron[l-2]  and  Booster  [3]. 

A  main  motivation  for  adopting  a  digital  approach  to 
beam  dampers  for  the  Main  Injector  and  Recycler  was  its 
flexibility  to  deal  with  the  wide  variety  of  beam  types  and 
operating  modes  present.  Longitudinal  and  transverse 
instability  and  injection  dampers  were  required.  Beam 
types  include  ramping  and  stored  Antiproton  and  Proton 
beams.  RF  beam  stmctures  requiring  damping  include  53 
MHz  full  batches  (1-6  trains  of  84  bunches  in  the  h=588 
RF  system),  53  MHz  short  batches(5-15  bunches),  53 
MHz  coalesced  bunch,  2.5  MHZ  and  7.5  MHZ  batches, 
and  DC  beam.  These  modes  are  interleaved  arbitrarily  on 
a  cycle-by-cycle  basis  during  Main  Injector  operations. 

Additional  operations  such  as  bunch-by-bunch  variable 
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gain  damping  and  anti-damping,  pinging  and  noise 
injection,  selective  bunch  ejection,  variation  of  filter 
coefficients  during  the  machine  ramp,  and  longitudinal 
arbitrary  RF  waveform  generation  were  desired.  A 
“virtual  oscilliscope”  capability  was  desired  to  display 
signals  at  various  stages  of  processing.  These  features 
can  be  provided  without  additional  hardware  in  a  system 
based  on  digital  processing  with  large-scale 
programmable  logic. 


Figure  1;  Three-coordinate  Digital  Damper.  Signals  on 
cables  from  the  tunnel  are  immediately  digitized, 
processed  with  bunch-by-bunch  multi-tum  digital  filters 
in  a  large  Field-Programmable  Gate  Array  (FPGA),  and 
the  digitally  calculated  kick  is  sent  through  a  DAC  to  the 
power  amplifier  and  transverse  or  longitudinal  kicker. 

DIGITIZATION  RATES 

A  fundamental  design  decision  is  the  required  ADC 
conversion  rate.  We  have  chosen  4x  the  RF  bunch 
frequency.  This  represents  the  minimum  digitization  rate 
needed  to  capture  a  bunch-by-bunch  amplitude  and  phase, 
while  rejecting  DC  and  closed-orbit  offsets.  In  the 
frequency  domain,  this  permits  reconstmction  of  the 
In-phase  and  Quadrature  (I&Q)  components  at  the  RF 
carrier  frequency  with  simple  2-point  sample  differences. 
See  figs.  2-4. 

The  minimum  DAC  update  rate  for  a  bunch-by-bunch 
damper  is  equal  to  the  RF  frequency.  However,  we  have 
found  it  advantageous  to  have  a  DAC  update  rate  4x  (and 
eventually  8x)  the  bunch  frequency,  driven  by  an  up- 
sampling  FIR.  This  permits  digitally  fine-tuning  the  kick 
timing,  sculpting  the  drive  waveform  to  correct  for  analog 
defects  in  the  power  amplifier  and  cables,  and  kicking  the 
beam  at  frequencies  above  baseband  [3]. 
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Figure  2  -  Single  bunch  sampling  of  a  unipolar  Wall  Current 
Monitor  (WCM)  signal  with  four  212  MHz  samples  per  53  MHz 
bunch.  A  70  MHz  low  pass  “anti-aliasing”  filter  spreads  the 
pulse  +/-  5  ns  in  time  so  the  ADC  will  not  miss  the  bunch  signal. 
The  filter’s  suppression  of  the  sharp  1-2  ns  peak  from  the  WCM 
signal  also  reduces  the  dynamic  range  required  from  the  ADC. 
The  bunch  amplitude  is  obtained  from  the  3-point  difference  of 
samples  (C-average  of  (A,E)).  The  bunch  phase  is  obtained 
from  the  2-point  difference  (B-D) . 


PROTOTYPE  HARDWARE 

The  prototype  hardware  (figure  5)  uses  an  Echotek 
ECpR-814X-AD  card  with  8  channels  of  14-bit  106  MHz 
digitization  (interleaved  to  provide  four  channels  of  212 
MHz  sampling),  a  212  MHz  DAC  daughtercard,  a  VME- 
64  crate  with  Power-PC  readout  processor,  and  an 
interface  box  containing  filters,  buffer  amplifiers,  signal 
splitters,  and  delay  cables. 


Single*6unch  Amplitude  signal  is 
(B  -  D)  samples  of  filtered  output 


Figure  3  -  Single  bunch  sampling  of  bipolar  doublet  at  4 
samples/bunch.  The  situation  is  identical  to  unipolar  sampling 
except  that  the  roles  of  the  Amplitude  and  Phase  signals  are 
reversed. 


Figure  4  -  Single  bunch  sampling  of  repetitive  bunch  train. 
Although  the  filtered  signal  resembles  a  sine  wave,  it  actually 
contains  bunch-by-bunch  phase  and  amplitude  information. 


Figure  5  -  Prototype  hardware  VME  Crate  and  interface. 


The  longitudinal  damper  input  signal  is  the  phase  signal 
from  a  wall  current  monitor,  digitized  as  shown  in  fig.  2. 
The  transverse  damper  signal  is  derived  from  the 
difference  output  of  hybrid  transformer  connected  to  a 
stripline  pickup.  The  position  signal  is  a  bipolar  signal 
with  amplitude  proportional  to  the  bunch  position, 
digitized  as  in  figures  3  &  4.  One  pickup  is  used  in  each 
coordinate.  All  signals  go  through  a  low-pass  filter  (Mini- 
Circuits  BLP-70)  and  buffer  amplifiers  for  overload 
protection  and  signal  termination.  They  are  then 
resistively  split  into  two  ADC  channels,  with  one  channel 
delayed  by  ~5ns  to  obtain  212  MHz  interleaved  sampling. 


TURN  NUMBER  SINCE  INJECTION 
Fig.  6  -  Bunch-by-bunch  phase  measurements  with  the 
Main  Injector  Damper,  showing  bunches  executing 
synchrotron  oscillations  due  to  individual  phase  and 
energy  errors  present  in  beam  delivered  from  the  Booster. 
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An  online  display  was  generated  by  a  MATLAB 
application  which  can  display  bunch-by-bunch  amplitude, 
phase,  tune,  raw  ADC  or  digitally  filtered  data  or  the 
applied  kick.  Data  can  be  displayed  for  single  bunches  or 
as  a  function  of  bunch  number  or  turn  number. 

Digital  Filter  Algorithms 

Transverse  and  longitudinal  filters  use  identical 
firmware  with  different  FIR  filter  coefficients.  The 
transverse  damper  is  a  digitally  pipelined  3-tum  filter 
similar  to  ref  [3].  The  transverse  kick  for  each  bunch  is 
calculated  as  the  weighted  sum  of  the  transverse  bunch 
positions  measured  on  the  previous  turns  (a  3-tum  FIR 
filter).  The  three  weights  are  uniquely  determined  by  the 
system  gain,  the  machine  tune  and  the  betatron  phases  at 
the  pickups  and  kicker,  and  the  fact  that  the  weights  must 
sum  to  zero  in  order  to  reject  closed  orbit  distortion. 

The  longitudinal  kick  to  each  bunch  is  proportional  to 
the  rate  of  change  of  the  phase  of  that  bunch.  This 
derivative  is  calculated  by  taking  the  weighted  sum  of  the 
phase  measurements  made  on  the  last  8  turns  (an  8-tum 
FIR  filter).  The  eight  FIR  weights  are  given  by  a  linear 
ramp  passing  through  zero  between  the  4*  and  5“"  bunch. 
This  choice  of  weights  rejects  DC  phase  offsets  and  is 
mathematically  equivalent  to  a  least-squares  fit  to  the 
slope  of  the  phase  on  the  last  8  turns. 

BEAM  TEST  RESULTS 

The  transverse  damper  took  advantage  of  existing 
stripline  pickups  and  kickers,  and  worked  essentially  as 
soon  as  the  firmware  was  completed  (see  figure  7). 


anti-damping  of  53  MHz  bunches  for  the  first  600  turns  in  the 
Main  Injector.  Each  trace  represents  the  tum-by-tum  position  of 
a  single  bunch.  All  bunches  were  damped  except  the  group  of 
four  near  the  top  (which  were  left  alone),  and  the  single  bunch 
near  the  bottom  (which  was  antidamped  and  eventually  ejected). 

The  selective  transverse  antidamping  or  pinging  of 
bunches  (fig.  7,8)  was  straightforward  to  implement  in  the 
FPGA  firmware.  This  opens  up  possibilities  for  tailoring 
the  bunch  stmcture  and  offers  the  amusing  possibility  of 
neutrino  communications. 


Longitudinal  damping  digital  filters  have  been  tested 
with  beam  and  perform  as  expected.  Actual  tests  of 
longitudinal  damping  await  the  installation  of  broadband 
damping  cavities  and  amplifiers  currently  scheduled  for 
August  2003. 


FUTURE  PLANS 

A  second  generation  card  has  been  built  and  will  be 
tested  soon.  Damping  calculations  for  all  three 
coordinates  are  performed  on  a  single  large  FPGA  (Altera 
EP1S25F672C6)  instead  of  the  5  smaller  FPGAs  on  the 
prototype  card.  Four  channels  of  212  MHz  ADCs  avoids 
the  need  for  interleaving  106  MHz  digitizers.  D/A 
conversion  is  performed  by  four  424  MHz  DACs,  which 
will  allow  “sculpting”  the  kicker  output  waveform  to 
correct  for  analog  defects  in  the  power  amps  and  cables. 
The  system  will  be  packaged  as  a  standalone  (NIM) 
module  with  an  Ethernet  interface,  thereby  eliminating  the 
VME  crate,  backplane,  and  readout  GPU. 

It  is  clear  that  the  general  approach  of  immediate  high 
speed  digitization  and  FPGA  processing  has  a  number  of 
other  potential  applications  in  accelerator  instrumentation 
and  LLRF  control.  The  large  number  of  high 
performance  PLLs  on  modem  FPGAs  opens  up  additional 
possibilities.  Some  applications  that  we  are  considering 
are:  beam  loading  compensation,  beam  position  monitors, 
beam  stacking  manipulations  using  broadband  RF 
systems,  and  possibly  the  complete  replacement  of  the 
LLRF  system  for  the  FNAL  Booster  with  the  single  card 
developed  for  dampers. 
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Abstract 

The  frequency  dependence  of  the  complex  permeabil¬ 
ity  of  the  ferrite  (at  room  temperature  and  125°C)  used 
in  the  inductors  at  PSR  has  been  determined  by  compar¬ 
ing  the  5ii  parameters  from  a  jig  containing  ferrite  and 
a  MAFIA  [1]  (a  program  package  for  the  computation  of 
electromagnetic  fields)  simulation  of  the  jig.  Both  the  fre¬ 
quency  response  and  the  longitudinal  impedance  of  the 
inductive  inserts  were  obtained  by  simulating  the  induc¬ 
tor  cavity  in  MAFIA  using  the  ferrite  properties  from  the 
aforementioned  fit.  Experimental  observations  of  the  lon¬ 
gitudinal  instability  caused  by  the  ferrite  inductors  at  room 
temperature  in  a  bunched  coasting  beam  have  been  made. 
Comparisons  of  observed  and  simulated  growth  times,  res¬ 
onant  frequencies,  and  width  of  the  instability  will  be  dis¬ 
cussed. 


Figure  1:  Longitudinal  instability  caused  by  the  inductive 
inserts  at  room  temperature. 


LONGITUDINAL  INSTABILITY 

Three  inductive  inserts  [2],  consisting  of  30  “cores” 
each,  were  installed  in  the  PSR  in  the  late  ’90’s  to  compen¬ 
sate  the  space  charge  effect  in  the  beam.  A  core  is  a  cylin- 
drically  shaped  ferrite,  with  thickness  of  one  inch,  inner 
diameter  of  5  inches,  and  an  outer  diameter  of  8  inches.  A 
large  longitudinal  instability  was  noticed  at  approximately 
75  MHz,  that  was  devastating  to  the  beam  (see  Fig.  1). 

It  was  proposed  by  Popovic  [3]  that  heating  the  ferrite 
would  eliminate  the  instability.  The  three  inserts  were  re¬ 
moved,  and  replaced  by  two  inserts  that  were  capable  of 
being  heated.  The  heating  proposal  was  then  tested  and  ver¬ 
ified  in  the  PSR.  How  the  properties  of  the  ferrite  change 
during  heating  to  cure  this  instability  is  the  focus  of  this 
paper. 

COMPLEX  PERMEABILITY 

The  complex  permeability,  denoted  by  /x  =  ^'  -f  iy," 
is  a  function  of  frequency.  To  uncover  the  frequency  de¬ 
pendence,  a  comparison  was  made  of  the  measured  5ii  pa¬ 
rameters  done  by  Browman  [4]  of  a  jig  containing  a  sample 
core  of  the  ferrite  used  in  PSR  to  a  MAFIA  simulation.  The 
jig  was  designed  to  maximize  the  sensitivity  to  the  mag¬ 
netic  properties  of  the  ferrite. 

*  Work  conducted  at  the  Los  Alamos  National  Laboratory,  which  is 
operated  by  the  University  of  California  for  the  United  States  Department 
of  Energy  under  contract  W-7405-ENG-36. 

t  National  Physical  Science  Consortium  (NPSC)  Fellow,  Los  Alamos 
National  Laboratory,  with  support  from  DOE  DE-FG02-92ER40747  and 
NSFPHY-0140251;  cbeltran@lanl.gov 


To  find  the  frequency  dependence  of  the  complex  per¬ 
meability  of  the  ferrite,  the  jig  was  simulated  in  MAFIA. 
Values  of  n'  and  n"  were  selected  for  the  simulated  fer¬ 
rite  at  a  particular  frequency.  The  parameters  at  that 
frequency  were  then  calculated  and  compared  to  the  ex¬ 
perimental  Sn  parameters  at  that  frequency.  The  ^’s  were 
then  adjusted  accordingly,  until  an  agreement  of  better  then 
1%  was  achieved.  The  relative  permittivity,  Cr,  of  the  fer¬ 
rite  was  assumed  to  be  constant  at  13. 

This  was  done  for  data  sets  at  both  room  temperature  and 
125°C'.  The  frequency  dependence  of  the  complex  perme¬ 
ability  for  the  two  temperatures  is  displayed  in  Fig.  2. 
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IMPEDANCE 

An  inductor  cavity  was  simulated  in  MAFIA  using 
the  aforementioned  ferrite  properties  to  calculate  the 
impedance  resulting  from  the  ferrite  inductors.  This  was 
done  for  both  room  temperature  and  125°C.  Fig.  3  is  a 
plot  of  the  real  part  of  the  longitudinal  impedance  for  one 
inductor  cavity  at  room  temperature  and  125°C'. 


Figure  3:  Real  longitudinal  impedance  for  one  inductive 
insert  at  room  temperature  and  125°C'. 

.  Notice  the  change  in  height  and  width  of  the  impedance. 
Similarly,  the  imaginary  part  of  the  impedance  also 
changes  when  the  ferrite  is  heated  (see  Fig.  4). 


Figure  4:  Imaginary  longitudinal  impedance  for  one  induc¬ 
tive  insert  at  room  temperature  and  125°C. 


ESME  SIMULATION 

A  PSR  bunched  coasting  beam  with  a  bunch  length 
of  250ns,  bSOnC  of  charge,  and  the  impedance  of  three 
inductive  inserts  at  room  temperature  was  simulated  in 
ESME  [5]  (a  longitudinal  multiparticle  tracking  code).  The 
momentum  distribution  used  in  the  ESME  simulation  was 
the  sum  of  two  gaussians,  with  66%  in  the  ^\wide  = 
6.9  X  10“^  and  34%  in  the  ^\narrow  =  2.8  x  10“®. 


This  momentum  distribution  was  chosen  to  best  fit  the  wire 
scanner  measurements  of  the  incoming  linac  beam. 

Growth  Time 

The  growth  time  of  the  longimdinal  instability  for  the 
experimental  data,  as  well  as  the  ESME  simulation  were 
derived  from  the  turn  by  turn  growth  of  the  amplitude  of 
the  summed  powers  of  the  harmonics  around  the  resonance 
of  the  instability.  Fig.  5  shows  the  evolution  of  the  growth 
for  the  experiment  and  ESME  simulation.  For  this  simu¬ 
lation,  a  user  routine  was  added  to  ESME  which  produced 
a  continuous  sequence  of  intensity  vs.  time  histograms  for 
each  turn. 


Figure  5:  Experimental  and  ESME  growth  of  the  longitu¬ 
dinal  instability  at  room  temperature. 

The  experiment  has  a  growth  time  of  28//S,  and  the 
ESME  simulation  has  a  growth  time  of  27 fis. 

Power  Spectral  Density  (PSD) 

The  Q  for  both  the  experiment  and  ESME  simulation  is 
defined  as  the  peak  frequency  (wp)  of  the  PSD  divided  by 
the  full  width  at  half  max  (F)  of  the  PSD. 


Figure  6:  Experimental  and  ESME  PSD  for  room  temper¬ 
ature. 
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From  Fio  D  —  I  _  71MHz  r-  -i  r»« 

iium  o,  ^/g2.p  _  ^  =  5.1.  The 

PSD  for  the  ESME  simulation  is  just  slightly  different,  with 
Wp  =  72MHz  and  F  =  15MHz,  giving  Qsim  =  4.8. 


TIME  MODE  EVOLUTION 

An  interesting  way  to  look  at  the  data  is  with  the  time 
mode  evolution  plot.  The  x-coordinate  represents  the  time 
within  the  bunch  and  the  y-coordinate  is  the  turn  number. 
The  color  represents  the  amplitude  of  the  current,  with  blue 
being  low  and  red  being  high.  Fig.  7  is  the  time  mode  evo¬ 
lution  of  the  experimental  data. 


Figure  7.  Experimental  time  mode  evolution  at  room  tem¬ 
perature  (color). 

From  this  type  of  a  plot,  one  can  see  the  microbunching 
and  energy  loss  in  the  beam  due  to  the  impedance.  The 
time  mode  evolution  plot  of  the  ESME  simulation  (Fig.8) 
is  very  similar  to  the  experimental  plot. 


Figure  8.  ESME  time  mode  evolution  at  room  temperature 
(color). 


HEATING  THE  FERRITE 

Because  of  the  instability  caused  by  the  3  inductive  in¬ 
serts,  they  were  removed,  and  two  inserts  with  heating  ca¬ 
pability  were  installed.  When  the  ferrite  was  heated  to 
125°C  the  longitudinal  instability  was  cured,  while  main¬ 
taining  the  desired  space  charge  compensation. 

As  shown  in  Fig.  3,  heating  the  ferrite  to  125°C'  reduces 
the  maximum  height  of  the  impedance  by  a  factor  of  two, 
and  also  broadens  the  impedance  by  a  factor  of  two.  An 
ESME  simulation  with  the  impedance  of  two  heated  induc¬ 
tive  inserts  also  shows  an  elimination  of  the  longitudinal 
instability. 


Tim©  in  Bunch 


Figure  9:  ESME  time  mode  evolution  for  two  inductors  at 
125°C  (color). 
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Abstract 

We  present  the  results  of  eleetron  beam  longitudinal 
modulation  studies  in  the  DUV-FEL  aecelerator.  For 
buneh  length  determination  we  used  the  “zero-phasing” 
method,  based  on  a  measurement  of  the  chirped  electron 
bunch  energy  spectra.  The  measurements  revealed  a  spiky 
structure  in  the  longitudinal  phase  space  [1].  A  model 
based  on  space  charge  effect  is  considered  [2]  to  explain 
of  the  obtained  phenomena. 

The  analysis  of  the  energy  spectra  has  shown  a 
sensitivity  of  the  structure  to  the  electron  beam  peak 
current,  energy  and  longitudinal  non-uniformity  of  the  RF 
gun  drive  laser.  Analytical  calculations  have  demonstrated 
a  qualitative  agreement  with  experimental  observations. 
Several  experiments  have  been  made  to  compare  with 
theory;  measured  results  are  reviewed  in  this  paper.  The 
obtained  effect  is  briefly  discussed  in  relation  to  high 
brightness  accelerators. 

INTRODUCTION  AND  MOTIVATION 

A  detailed  description  of  the  DUV-FEL  accelerator  can 
be  found  in  our  earlier  publications  [3].  The  DUV-FEL 
includes  a  photocathode  RF  gun,  illuminated  by  a  short 
pulse  Ti:Sa  laser.  The  following  two  linac  sections 
accelerate  the  beam  up  to  an  energy  of  70  MeV.  The 
second  linac  tank  is  dephased,  producing  a  time-energy 
correlation,  which  a  four-magnet  chicane,  located 
downstream,  converts  into  longitudinal  bunching.  Since 
the  bunch  is  “undercompressed”,  the  third  linac  tank  is 
used  to  remove  residual  chirp,  and,  in  combination  with 
the  fourth  tank,  accelerates  the  bunch  up  to  the  nominal 
energy  for  FEL  operations  (177  MeV). 

For  a  successfiil  FEL  performance  a  peak  current  of  300 
A  is  needed,  which  requires  an  initial  bunch  length  of  1.5 
ps  RMS  for  the  300  pC  electron  bunch  to  be  reduced  to 
0.4  ps  RMS  (compression  ratio  of  3.75). 

For  the  electron  bunch  length  characterization  we  use 
the  “zero-phasing”  method  [4],  in  which  no  further 
acceleration  is  done  after  the  bunch  compressor,  but  an 
energy  chirp  is  imparted  to  the  beam  with  the  last  linac 
section  (with  calibrated  RF  amplitude).  A  72° 
spectrometer  dipole  transforms  the  correlated  energy 
spread  into  a  spatial  distribution  on  a  downstream 
monitor.  The  RMS  size  of  the  horizontal  projection  o„ 
due  to  a  known  amount  of  chirp  Erf  •  Erf,  corresponds  to 
the  bunch  length  a/. 

Eo  1 

o  =  — S - O  , 

E  Tl  •  If  * 

^RF  M  ^RF 

where  Ti  is  the  dispersion  and  Eq  the  energy  at  the  monitor 
location. 


First  measurements  of  the  compressed  bunch  length 
demonstrated  a  strong  modulation  of  the  energy  specfta, 
obtained  via  “zero-phasing”  [1].  In  some  cases  the 
electron  beam  image  became  broken  into  several 
distinctive  bunches  with  a  separation  of  the  wder  of  200 
fs  (Fig.  1).  At  the  same  time  the  uncompressed  bunch 
spectra  were  smooth,  witnessing  the  existence  of  a 
collective  effect,  which  is  driving  the  modulation  during 
the  compression  process.  For  low  charge  (~20  pC)  spikes 
are  visible  and  sharp  even  for  an  uncompressed  beam. 


0  I  # 


Figure  1:  Modulated  beam  image  after  spectrometer 
(upper  figure),  vertical  axes  is  y-coordinate;  horizraital 
one  is  proportional  to  beam  energy.  Bottom  figure:  “zero- 
phasing”  projection  of  the  beam  on  upper  plot,  horizontal 
axis  is  scaled  in  picoseconds. 

Since  the  chirping  tank  is  running  at  zero-crossing,  it 
does  not  introduce  a  nonlinearity  into  the  longitudinal 
phase  space.  The  spectrometer  magnet  aberrations  are  also 
small,  so  the  assumption  about  a  linear  correspondence 
between  the  chirped  bunch  energy  spectrum  and  the 
longitudinal  bunch  density  seems  to  be  valid  if  no 
collective  effects  are  taken  into  account.  Therefore  the 
sharp  spikes  in  the  electron  energy  spectra  could  be 
treated  as  spikes  in  the  longitudinal  bunch  density. 
Calculating  the  FEL  slippage  length  as  70  um  for  lasing  at 
266  nm,  it  follows  that  the  spike  width  was  comparable  or 
less  than  the  slippage  length,  which  had  to  cause  a 
degradation  of  the  FEL  performance.  Thus  the  role  of  the 
collective  effect  has  to  be  studied,  also  considering  that  a 
similar  effect  has  been  obtained  recently  in  the  TESLA 
linac  [5]. 

INITIAL  EXPERIMENTS  AND 
OBSERVATIONS 

We  observed  strong  modulations  (as  large  as  100  %)  in 
the  “zero-phasing”  projection  for  the  uncompressed  bunch 
at  low  charge  (20  pC).  The  fundamental  harmonic  of  the 
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modulation  frequency  spectmm  peaks  at  1.6  THz  (190 
Jim).  This  high  frequency  range  can  be  associated  only 
with  the  drive  laser  (266  nm,  bandwidth  5%  RMS),  since 
the  RF  bandwidth  in  all  other  accelerator  components  is 
limited  to  several  GHz.  We  measure  the  temporal  profile 
of  the  laser  by  cross  correlating  it  with  the  120  fsec,  800 
nm  oscillator  pulse  in  a  nonlinear  optical  crystal.  This 
measurement  has  a  resolution  of  -200  fs,  due  to  velocity 
mismatch  in  the  crystal.  Some  modulation  is  observed 
(Fig.  2).  The  magnitude  of  the  modulation  may  be  larger 
than  indicated  in  the  figure  if  its  period  is  below  the  cross¬ 
correlator’s  resolution,  or  due  to  the  fact  that  the  cross¬ 
correlation  is  a  multi-shot  measurement. 


Time  (ps) 

Figure  2;  Laser  cross-correlation  profile. 

For  an  explanation  of  the  modulation  dynamics  for  the 
uncompressed  bunch  we  developed  the  following 
hypothesis.  The  initial  laser  modulation  gets  mapped  into 
the  electron  bunch  phase  space  at  the  low  energy  end  of 
the  accelerator  (in  the  gun  and  first  linac  tank).  At  low 
charge  the  space  charge  forces  transfer  initial  density  non¬ 
uniformities  into  an  energy  modulation  along  the  bunch. 
Since  the  uncoirelated  energy  spread  is  small  (Oy/y  ~  10’’), 
M  energy  modulation  (-10^  for  20  pC)  becomes  visible 
in  the  energy  spectrum  of  the  chirped  bimch. 

For  an  imcompressed  bunch  with  higher  charge  the 
space  charge  forces  become  stronger  and  smear  out  the 
energy  modulation.  This  increases  the  projected  beam 
energy  spread  and  reduces  the  observed  modulation  in  the 
chirped  beam  energy  spectrum. 

This  hypothesis  is  currently  being  studied  using  the 
PARMELA  code. 

Since  the  modulation  is  sensitive  to  the  peak  current  and 
appears  in  an  initially  smooth  beam  during  the 
compression  process,  one  should  consider  a  collective 
effect,  responsible  for  the  development  of  structure. 
Earlier  [1],  we  discussed  CSR  in  the  chicane  as  a  possible 
mechanism  for  the  instability.  However,  it  has  been 
shown  [6]  that  the  effect  of  CSR  leads  only  to  a  small 
gain  for  microbunching.  Another  possible  source  of 
microbunching  is  the  spectrometer  dipole,  which  itself  has 
a  strong  impact  on  the  longitudinal  beam  dynamics  of  the 
electron  beam.  Calculations  of  CSR  and  space  charge 
effects  in  the  spectrometer  dipole  [2]  exhibited  very  low 
gain  for  this  case  as  well. 


A  CSR-mediated  effect  has  to  be  sensitive  to  the 
bending  radius  in  the  ehicane  magnets.  We  compressed 
the  beam  for  several  different  chicane  strengths  (Rss), 
keeping  the  final  bunch  length  constant.  Since  the 
compression  ratio  is  equal  to  1  -  h  Rje,  where  h  is  the 
energy  chirp,  there  is  always  a  combination  of  h  and  R56 
that  will  maintain  a  constant  compression  ratio  and, 
therefore,  a  constant  final  peak  current  of  the  buneh.  Thus 
the  initial  and  final  beam  properties  do  not  change*  for 
different  ehicane  strengths  and  we  can  distinguish 
whether  the  modulation  is  sensitive  to  the  bending  radius 
of  the  chicane  or  not.  The  result  of  this  experiment  is  that, 
though  there  is  some  reduction  of  modulation  for  smaller 
R56  at  low  eompression  ratio,  in  general,  the  modulation  is 
insensitive  to  chicane  settings. 

MODEL  OF  THE  EFFECT  AND 
COMPARISON  WITH  EXPERIMENT 


It  has  been  shown  [2],  that  the  space  charge  force  for 
our  experimental  eonditions  ean  be  strong  enough  to 
transform  small  longitudinal  density  non-uniformities  into 
a  modulation  of  the  average  energy  along  the  bunch.  The 
plasma  oscillation  wavelength  of  the  compressed  beam 
becomes  comparable  to  the  length  of  the  drift  between 
chicane  and  spectrometer  (-15  m)  for  the  wavelength 
range  of  the  modulation.  Chirping  such  an  energy- 
modulated  bunch  (Fig.  3)  one  would  see  sharp  spikes  in 
the  energy  spectrum,  corresponding  to  variations  of  the 
energy.  At  the  same  time  this  effect  cannot  enhance  the 
density  bunching  in  the  electron  beam,  since  the 
longitudinal  space  charge  force  is  equivalent  to  a  pure 
imaginary  capacitive  impedance. 


Figure  3:  Illustration  of  electron  bunch  longitudinal  phase 
space.  Abscissa  is  time  (ps),  ordinate  is  energy  (MeV). 
The  space  charge  wake  induces  variations  of  the  energy 
along  the  chirped  bunch  leading  to  deeply  modulated 
energy  spectra. 


As  the  space  charge  impedance  depends  only  on  the 
beam  energy  and  transverse  size  (assuming  uniform 


Note,  also,  that  the  transverse  beam  envelope  along  the  accelerator  has 
been  kept  constant  during  measurements. 
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transverse  distribution  and  no  vacuum  chamber),  we 
performed  experiments,  varying  these  beam  parameters 
and  studying  the  modulation. 

Accelerating  or  decelerating  the  compressed  beam  in  the 
third  linac  tank  we  varied  the  energy  of  the  electrons  from 
50  to  110  MeV.  Zero-phasing  projections  of  the  electron 
beam  for  different  energies  show  that  the  modulation 
reduces  with  increasing  energy,  as  expected. 

Using  three  lattices  with  different  beam  envelopes  (0.5, 
1.0,  1.5  mm  RMS)  we  measured  the  dependence  of  the 
modulation  versus  beam  size.  It  was  explicitly  shown,  that 
the  modulation,  being  present  when  the  beam  size  is 
small,  almost  vanishes  at  a  larger  beam  cross  section. 

Measuring  the  dependence  of  the  modulation  versus 
charge  was  an  important  stage  in  the  experiments. 
Electron  beams  with  different  charge  (40,  100,  200,  300 
pC)  were  generated,  compressed  and  transported  to  the 
spectrometer  dipole.  Special  attention  was  paid  to  insure 
both  the  transverse  and  longitudinal  particle  transport 
along  the  accelerator  to  be  approximately  the  same  for 
different  amounts  of  bunch  charge.  In  this  case  only  the 
peak  current  was  scaled  together  with  changing  the  beam 
charge. 

The  measurements  done  for  the  uncompressed  beam 
revealed  the  dynamics  of  the  structure  at  low  charge, 
where  the  modulation  is  strong  and  visible,  but  only 
weakly  depends  on  the  particle  transport  at  high  energy. 
During  the  compression  the  modulation  wavelength  gets 
scaled  down  according  to  the  compression  ratio  without  a 
significant  enhancement  of  the  stmcture. 

As  the  peak  current  in  the  uncompressed  beam  increases 
the  structure  vanishes,  and  the  beam  exhibits  an  almost 
smooth  distribution  for  some  300  pC  of  charge.  After 
compression  the  modulation  reappears,  but  the  period  of 
modulation  stays  the  same  as  for  the  case  of  low  charge. 

Finally  we  checked  if  the  beam  modulation  is  associated 
with  bunching  in  the  longitudinal  particle  density. 
Varying  the  electron  beam  size  along  the  channel  we 
generated  “modulated”  and  “non-modulated”  beams. 
Using  an  IR  bolometer  together  with  low-pass  IR  filters 
(cut-off  at  40  pm,  100  pm,  160  pm)  we  measured  CTR 
from  a  metallic  mirror,  installed  inside  the  vacuum 
chamber.  The  characteristic  modulation  wavelength  was 
estimated  as  90  pm,  using  chirped  bunch  profiles. 
Measuring  the  CTR  power  with  different  filters  we  have 
not  obtained  any  difference  between  “modulated”  and 
“non-modulated”  beam  conditions.  This  proves  that  the 
modulation  does  not  introduce  any  additional  density 
bunching  in  the  electron  beam. 

CONCLUSION 

In  this  paper  we  discussed  the  peculiar  effect  of 
longitudinal  beam  dynamics  in  the  DUV-FEL  linear 
accelerator.  A  space  charge  model  of  the  phenomenon  is 
in  qualitative  agreement  with  experimental  data.  The 
experiments  show  a  sensitivity  of  the  effect  to  the  electron 


beam  energy,  transverse  size  and  peak  current.  It  was  also 
shown  that  the  induced  modulation  does  not  enhance  the 
density  bunching  in  the  electron  beam.  Since  the  drive 
laser  is  a  likely  source  of  this  structure,  high-resolution 
optical  diagnostics  are  needed  for  more  quantitative 
studies.  Therefore  a  single-shot  SPIDER  apparatus  [7] 
with  high  resolution  is  being  developed. 

One  of  the  important  questions  is  whether  tins  structme 
can  be  dangerous  for  the  accelerator  petformsmce.  First, 
this  effect  is  sensitive  to  the  initial  laser  structure,  so  fin-  a 
perfectly  uniform  longitudinal  laser  profile  a  modutetion 
does  not  exist,  unless  it  is  created  on  latter  stages  in  Ae 
accelerator.  At  the  same  time  this  structure,  if  present  in 
the  beam,  can  cause  at  least  two  problems.  First,  it 
increases  the  projected  energy  spread  in  Ae  bunch. 
Second,  the  modulation,  developed  in  Ae  beam  at  low 
energy,  becomes  “frozen”  at  a  higher  energy.  Then,  any 
magnetic  system  (bending  system,  chicane-compressor) 
may  convert  Ais  modulation  into  real  spatial  bunching  for 
a  modulation  wavelength  of  =  2  Rj*  where 

^Ymod  is  Ae  amplitude  of  Ae  space  charge  induced  energy 
spread.  Now  Ais  effect  can  degrade  Ae  electron  beam 
quality  due  to  coherent  raAation  of  Ae  spikes  during  Ae 
compression  process.  So,  for  any  specific  configuration  of 
Ae  accelerator,  the  allowable  amount  of  modulation  must 
be  calculated  and  Ae  appropriate  laser  quality  established. 
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TOOLS  TO  PREDICT  BEAM  BREAKUP  IN  RECIRCULATING  LINACS* 

K.Beard,  L.Merminga,  B.Yunn,  TJNAF,  Newport  News,  VA  23606,  USA 


Abstract 

An  important  limitation  on  the  maximum  beam  current 
in  a  recirculating  linac  is  due  to  beam  breakup  caused  by 
higher  order  modes  (HOM)  excited  in  the  RF  cavities.  A 
HOM  delivers  a  transverse  kick  to  a  beam  bunch,  the 
bunch  on  the  next  pass  can  then  drive  the  HOM  and  cause 
it  to  grow  until  the  beam  is  lost.  Two  codes,  MATBBU 
and  TDBBU,  have  been  written  to  estimate  the  threshold 
current  for  a  set  of  HOMs  and  accelerator  optics.  The 
relative  merits  and  limitations  of  each  is  discussed  in 
detail. 

INTRODUCTION 


lOOuA  and  about  2600  HOMs  of  interest;  the  Jlab  10  kW 
PEL  has  a  design  current  of  10mA  and  about  200  HOMs 
of  interest. 

One  approach  is  to  use  the  TDBBU  code  written  by 
G.Kraffi,  modified  by  B.Yunn,  and  then  by  K.Beard.  It 
works  in  the  time  domain  as  a  tracking  code.  Individual 
bunches  are  injected  into  the  machine;  a  small  amount  of 
noise  is  added,  the  bunches  stepped  through  the  machine, 
and  each  HOM  mode  updated.  The  process  is  repeated 
for  a  time  long  (~10x)  with  respect  to  the  growth  time  of  a 
mode  (~2  Qm/®iii),  and  the  transverse  positions  of  the 
bunches  at  a  point  in  the  machine  are  plotted.  An 
instability  appears  as  growth  in  the  transverse  position: 


Often  the  greatest  beam  current  limitation  in  a 
recirculating  linac  is  imposed  by  beam  breakup  (BBU) 
caused  by  transverse  higher  order  modes  (HOMs)  in  the 
accelerating  cavities.  The  basic  idea,  very  briefly,  is  that 
a  bunch  passing  through  a  cavity  off  axis  excites  a 
transverse  electromagnetic  mode  in  the  cavity.  When  the 
same  bunch  later  returns  to  that  same  cavity,  it  will  again 
interact  with  the  same  mode;  under  the  correct 
circumstances,  that  mode  will  grow  until  it  deflects  the 
beam  sufficiently  to  cause  the  beam  to  be  lost.  The 
exact  combination  of  HOM  characteristics,  beam 
transport,  and  recirculation  time  determine  whether  a 
given  mode  will  lead  to  an  instability. 

For  a  single  recirculation,  a  singe  cavity,  and  a  single 
mode,  the  expression  for  the  beam  break  threshold  current 
is  approximately:^'' 


e  (R/Q)  Q  k  M  sin((i)  t J  e^ 

m  ^111  m  12  '  m  r 


where  I,  is  the  threshold  current,  p^c  is  the  momentum 
leaving  the  cavity,  e  is  the  charge  of  the  electron,  (R/Q)^ 
is  the  shunt  impedance,  Q„,  the  quality  factor  of  the  mode, 
km  is  the  wavenumber  of  the  mode,  0)^  is  the  frequency  of 
the  mode,  Mn'^'  is  the  component  of  the  transport  matrix, 
and  f  is  the  recirculation  time. 

TDBBU 

Solving  the  problem  for  many  modes  in  many  cavities 
and  multiple  passes  becomes  more  complicated.'^"^'  The 
JLab  CEBAF  12GeV  upgrade  has  a  design  current  of 

♦This  work  was  supported  by  US  DOE  Contract  No.  DE-AC05-84- 
ER40150 


Figure  1:  TDBBU  output  for  stable  (KI,)  and  unstable 
(I>Ii)  examples. 

To  find  the  threshold  current,  the  current  used  is  turned 
up  an  down  and  the  calculation  repeated;  an  automatic 
algorithm  to  do  this  is  included  in  the  new  version  of 
TDBBU.  It  examines  the  output  and  decides  whether  the 
situation  appears  stable,  unstable,  or  indeterminate,  then 
adjusts  the  current  appropriately  and  runs  again. 

As  the  required  runtime  goes  -Nhoms  *  Qm/cOm,  this 
approach  is  becomes  cumbersome  for  very  high  Qs. 
Another  approach  is  to  solve  the  problem  in  the  frequency 
domain.  If  one  assumes  a  steady  state  solution,  the 
problem  can  be  reduced  to  solving  for  the  complex 
eigenvalues  of  a  matrix.'*' 

MATBBU 

The  MATBBUU]  code  reads  in  the  same  input  file  as 
TDBBU.  It  then  sweeps  through  a  frequency  range,  for 
each  frequency  it  calculates  a  matrix  and  searches  for 
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eigenvalues  of  the  matrix.  The  lowest  eigenvalue  falling 
on  the  real  positive  axis  correspond  to  the  threshold 
current 

In  the  initial  case  of  the  10  kW  PEL,  there  were  56 
HOMs/axis,  requiring  that  a  complex  111x111  matrix's 
eigenvalues  be  found.  This  takes  some  significant  time  on 
any  computer;  in  addition,  the  high  Q's  mean  that  the 
regions  of  interest  are  very  narrow;  only  a  few  Hz  wide. 
Typically,  one  would  like  to  sweep  a  2MHz  wide  space; 
doing  that  with  just  "brute  force"  by  sweeping  in  IHz 

steps  requires  2x10^  steps,  or,  very  roughly  for  a  733MHz 
Pentium  III,  about  that  number  of  seconds  (about  3 
weeks)  for  each  band  (there  were  11).  In  addition,  this 
sweep  should  be  repeated  many  times  for  a  number  of 
different  HOM  distributions  representing  manufacturing 
tolerances  (typically  10).  Putting  that  together,  one  would 
expect  to  use  about  7  years  of  CPU  time. 

That  seemed  too  long  a  time  to  wait.  To  make  matters 
worse,  the  time  to  solve  a  single  matrix  goes  roughly  as 

solving  the  case  of  for  the  CEBAF  12  GeV 

upgrade  with  800  HOMs/axis  rather  than  the  EEL 
upgrade's  56  would  require  roughly  14,000  times  the  CPU 
time. 

Fortunately,  there  are  several  ways  to  speed  up  the 
process.  First,  the  eigenvalues’  behavior  is  smoothly 
varying;  an  infinitesimal  change  in  the  frequency  should 
only  change  an  eigenvalue  slightly.  This  means  that  an 
active  search  can  be  used;  the  frequency  is  changed  up  or 
down  slightly  and  the  eigenvalues  tracked  to  determine 
the  frequency  at  which  they  cross  the  positive  real  axis. 
The  minimum  frequency  step  size  is  then  only  limited  by 
the  numeric  noise.  The  actual  algorithm  is  somewhat 
more  complicated  by  the  presence  of  multiple 
eigenvalues  and  is  discussed  in  detail  in  the  tech  note 
Previous  versions  of  the  code  required  the  user  to  attempt 
to  extrapolate  the  threshold  from  relatively  widely 
scattered  points;  the  iterative  search  removes  those 
ambiguities. 

Next,  the  size  of  the  problem  can  be  greatly  reduced  by 
considering  only  those  HOMs  whose  frequencies  are  near 
to  that  in  question  and  excluding  those  which  have 
frequencies  far  away.  The  new  version  can  divide  the 
frequency  range  up  into  regions  of  interest  (ROIs)  and 
treat  each  as  a  separate  problem. 

Lastly,  ignoring  eigenvalues  with  components  larger 
than  a  preset  cutoff  current  simplifies  the  tracking. 
Typically,  the  cutoff  current  is  set  to  be  at  least  10  times 
the  threshold  current  of  interest. 
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Figure  2.  MATBBU  output  for  8  and  108  HOMs  of 
interest  in  the  10  kW  FEL  with  a  proposed  supercell 
module. 

In  many  cases  of  interest  the  exact  frequency  of  each 
HOM  in  each  cavity  isn't  known,  but  predicted  to  be 
distributed  about  a  central  value.  It  is  then  necessary  to 
run  multiple  cases  representing  “as  built”  accelerators. 
MATBBU  can  now  automatically  generate  and  run  input 
files  with  the  appropriate  distributions,  and  the  results  can 
then  be  shown  as  a  scatter  plot. 


lOKwfei  HOM(1 6jur02Ri  tireshoW  eundtilt  (5  0  MHi  sigma  gaussian  or  HOV%) 


Figure  3.  MATBBU  predictions  for  3  as-built  FELs  using 
a  proposed  module  design  and  a  5  MHz  sigma  spread  in 
cavity  HOM  frequencies. 


Generally,  for  modes  tvith  high  Qs  (>10^),  the 
threshold  current  due  to  a  given  mode  scales  very  nearly 
as  1/Q.  This  property  has  been  used  to  set  the 
specification  for  the  maximum  Q  for  each  HOM  to  avoid 
BBU  at  the  design  current. 


COMPARISON 

Both  TDBBU  and  MATBBU  use  the  same  input  file 
and  share  much  of  their  structure;  both  are  written  in 
FORTRAN??  with  some  ANSI  C  routines  for  portability 
and  a  command  line  interface.  Both  have  been  tested 
under  a  number  of  UNIX  platforms,  including  GNU- 
Linux,  HP-UX,  SunOS,  CrayOS,  and  IBM-AIX 
MATBBU  may  use  either  the  IMSL^*'  or  LAPACK^®^ 
math  library. 
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From  a  practical  standpoint,  the  biggest  difference  in 
the  codes  is  that  TDBBU  "sees"  all  the  modes,  while 
MATBBU  only  "sees"  modes  near  near  the  frequency  its 
scanning.  Unless  the  number  of  HOMs  is  very  large 
(1000s),  for  Qs  ~  10^  MATBBU  runs  much  faster  than 
TDBBU  (minutes  vs.  hours). 


Table  1.  Calculations  using  various  for  a  single 
mode  with  a  fnOM^^l  14.8  MHz  and  R/Q=  5.6  W/cm^  in 
the  central  cavities  of  the  10  kW  FEL. 
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To  compare  the  codes,  various  test  cases  of  for  the  10 
kW  FEL  were  run  and  were  found  to  agree  to  -10-20% 
when  the  only  important  HOMs  were  those  within 
MATBBU's  frequency  range  (Table  1). 


SUMMARY 

The  MATBBU  and  TDBBU  codes  have  been 
developed  at  Jlab  and  recently  improved  and  used  to 
predict  the  BBU  thresholds  for  the  CEBAF  12GeV 
upgrade  and  the  10  kW  FEL  upgrade.  Both  codes  and 
their  documentation  will  soon  be  available  on  the  CASA 
''“Vebsite. 
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FUTURE  PLANS  FOR  e^e  FACTORIES 

C.Biscari,  LNF-INFN,  Frascati,  Italy 


Abstract 

In  the  last  decade  luminosities  of  lepton  colliders  have 
greatly  risen.  There  are  several  ingredients  of  the  success: 
the  progress  in  the  handling  of  high  currents  and 
multibunch  regimes,  in  the  beam-beam  interaction  limits 
understanding,  in  particle  dynamics  simulation  codes,  in 
the  diagnostic  systems  to  control  beam  sizes  and  orbits,  in 
the  background  shielding. 

Now  is  time  to  go  further  in  the  high  luminosity 
frontiers:  experiments  are  asking  for  more  precision 
measurements,  and  the  accelerator  community  is  facing 
projects  where  the  increase  of  luminosity  by  orders  of 
magnitude  is  conceivable.  New  ideas,  main  upgrades  and 
plans  in  the  factories  presently  in  operation  around  the 
world  are  the  subject  of  this  paper. 


INTRODUCTION 

The  frontier  of  high  luminosity  does  not  coincide  with 
the  high  energy  one.  Non-search  colliders  dedicated  to 
precision  physics  have  in  last  decade  advanced  the 
luminosity  by  one  order  of  magnitude.  The  great  success 
of  B-factories  which  in  few  years  have  reached  their 
design  goals  has  demonstrated  to  the  physics  community 
the  possibility  of  reaching  in  their  experiments 
unprecedented  precisions  approaching  theory  limits. 

For  sake  of  discussion,  the  diagram  of  the  luminosity, 
L,  versus  energies,  E,  can  be  divided  in  three  zones  (see 
Fig.l):  in  the  first  zone  the  energy  increase  is  privileged 
for  new  particles  production,  reaching  the  maximum  with 
LEP;  the  corresponding  luminosity  is  continuously 
improved,  both  for  its  dependence  on  energy  and  for  the 
advances  in  technologies  and  collision  physics.  Beyond 
LEP  linear  colliders  will  supplant  circular  ones;  VLLC 
should  double  LEP  energy  but  at  the  price  of  one  order  of 
magnitude  in  ring  size.  In  the  second  zone  there  are  the 
present  factories,  with  luminosities  one  order  of 
magnitude  larger  than  the  previous  ones  at  the  same 
intermediate  energies.  The  third  zone  represents  the 
future,  in  which  upgrades  by  a  factor  10  seem  reachable 
with  present  technologies,  while  higher  upgrades  are 
subjected  to  R&D  progress. 

The  physics  community  asks  for  higher  fluxes  of 
particles  at  the  intermediate  energies!  1-4].  The 
annihilation  production  cross  section  in  eV  collisions  is 
proportional  to  the  inverse  square  of  the  energy,  and  the 
necessary  integrated  luminosity  scales  accordingly: 

fz,oc-^-x£'^  (1) 

■’  a 

Table  I  shows  the  approximate  integrated  luminosities 
already  collected  by  all  experiments  in  the  energy  range 
between  the  <I>  and  the  B,  and  the  luminosities  requested 
for  competitive  experiments  in  the  LHC  era.  There  is  a 
long  pa&  before  reaching  the  wanted  specifications.  A 
review  of  the  plans  of  eV  factories  according  to  their 
energy  is  described  in  the  paper. 


Table  1  -  Collected  and  requested  integrated  luminosities 
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Figme  1:  Luminosity  versus  energy  in  lepton  circular 
colliders.  Past  and  present  results  (blue  dots),  fiiture 
projects  and  designs  (red  diamonds) 


LUMINOSITY  CONSIDERATIONS 

Storing  high  currents  in  closely  spaced  bunches  and 
squeezing  as  much  as  possible  beam  sizes  translates  in 
luminosity  increase,  according  to: 


fcou  Ny- 


(2) 


The  collision  frequency,  fcoii,  the  bunch  populations, 
bT',  the  transverse  beam  sizes,  apparently 

independent,  are  strongly  related  by  the  beam-beam 
interaction  and  by  collective  effects.  According  to  the 
collider  regime,  L  can  be  written  in  terms  of  the 
characteristic  beam-beam  tune  shift  parameters,  the 
emittances,  Sx,y,  the  betatron  functions  at  the  IP, 
when  the  reachable  th®  most  severe  luminosity 

limitation,  L  for  flat  beams  is  usually  expressed  as: 


^fcoii  y  g  e 

2  O*  hxhy 


(3) 


which  compared  with  eq.  1  shows  the  same  dependence 
with  the  energy. 
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High  currents 

All  high  current  issues  have  been  addressed  by  the 
collider  physicists  together  with  the  synchrotron  radiation 
community.  The  understanding  and  control  of  machine 
impedances  has  increased  the  threshold  instabilities  in  all 
high  brilliance  rings.  The  present  generation  of  bunch  by 
bunch  feedbacks  for  multibunch  operation,  first  tested  in 
synchrotron  light  sources[5],  is  operational  in  all  factories 
and  is  also  a  powerful  diagnostic  tool. 

Ion  trapping  in  electron  rings,  already  known  when  first 
generation  factories  were  designed,  is  controlled  by  gaps 
in  bunch  trains  and/or  ion  clearing  electrodes.  Electron 
cloud  instability  (ECI)  in  e^  rings,  which  was  first 
observed  at  the  KEK  Photon  Factory  in  1995,  is  one  of 
the  main  limiting  effects  in  increasing  the  currents  in  B- 
factories.  The  photoemission  and  multipacting  creates 
additional  loads  to  vacuum  and  cryogenic  systems,  and 
the  emittance  blow-up  constitutes  a  serious  limitation  to 
luminosity.  Solenoidal  windings  are  the  present  cure  of 
the  instability;  new  vacuum  chamber  designs  are  being 
developed,  in  collaboration  with  the  hadron  collider 
community,  also  threatened  by  the  ECI. 

Besides  instabilities  induced  by  collective  effects,  high 
currents  are  responsible  for  intense  photon  fluxes  on  the 
vacuum  chambers  and  high  loads  on  rf  system;  vacuum, 
cooling  and  rf  technology  developments  are  always 
correlated  with  every  achievement  in  the  luminosity 
scale[6]. 

Beam-beam 

Beam-beam  effect  limits  the  single  bunch  luminosity. 
All  present  factories,  but  VEPP2000,  are  based  on  the 
multibunch  regime.  Crossing  angle  is  now  better 
understood.  The  Piwinski  factor  relating  the  crossing 
angle  0with  the  characteristic  dimensions  of  the  bunch: 

(4) 

has  reached  values  that  10  years  ago  were  considered 
dangerous  source  of  synchrobetatron  resonances. 

Small  values  of  are  obtained  thanks  to  magnet 
technology,  which  has  developed  small  dimension  -  high 
gradient  quadrupoles  to  be  placed  near  IPs. 

Careful  tuning  of  single  ring  working  point,  dynamic 
aperture  optimisation,  possibility  of  coupling  corrections 
up  to  very  small  values  (coupling  of  the  order  of  0.1% 
have  been  obtained),  are  all  dowels  of  the  puzzle  for 
obtaining  high  beam-beam  tune  shifts. 

Background 

Background  rejection  fi-om  experiments  is  one  of  the 
key  points  of  any  collider.  Continuous  optimization  of 
background  is  done  routinely  at  all  present  factories,  and 
adding  masks,  collimators,  and  cooling  is  envisaged  in 
next  future  in  all  of  them.  In  the  lower  energy  factories, 
where  background  is  dominated  by  Touschek  losses,  the 
lattice  configuration  of  the  whole  ring  is  optimized  for 
minimisation  of  losses  in  the  detector  areas. 


Lifetime  and  injection 

Average  to  peak  luminosities  ratios  depend  on  lifetime 
and  injection  rates.  Lifetimes  decrease  as  ctirrents  are 
raised  due  to  beam-gas  scattering  and  Touschek  effect, 
this  last  becoming  predominant  in  low-energy  rings.  At 
extremely  high  luminosity  the  annihilation  process 
becomes  the  predominant  particle  loss  effect.  Presently 
the  beam  lifetimes  are  of  the  order  of  hours,  but  will  be 
shortened  to  few  minutes  in  the  super-factories  regime. 
Only  continuous  injection  will  allow  the  operation  of  the 
colliders,  and  background  at  injection  becomes  one  the 
key-point  to  be  solved. 

BEAUTY  FACTORIES 

The  two  B-factories,  KEK-B  and  PEP  II,  on  the 
opposite  sides  of  the  Pacific  Ocean,  have  reached  their 
design  values  in  a  very  short  time,  compared  to  the  scale 
of  accelerator  history,  despite  these  values  were 
considered  challenging  when  in  the  90's  the  projects  were 
conceived.  During  the  preparation  of  this  manuscript  I 
have  corrected  the  luminosity  records  several  times. 

CESR  has  also  operated  in  this  range  of  energy;  this 
collider  has  shown  along  the  years  an  increase  in 
performances  able  to  compete  with  the  newer  collider 
generations,  and  is  now  going  towards  lower  energies.  It 
kept  for  some  time  the  record  of  luminosity  and  it  can 
cover  all  the  physics  fi-om  the  JPV  to  the  Beauty. 

Both  I^KB  and  PEPIl  plan  upgrades  for  next  two- 
three  years,  optimizing  the  existing  systems  to  reach 
luminosities  of  few  10^‘'cm’^sec''.  Further  steps  on 
luminosity  are  being  planned  in  a  time  scale  of  10  years. 
Table  2  shows  some  of  the  main  parameters  for  the  future 
upgrades  [7-8j. 


Table  2  -  B  factories  from  10^'^  to  10^®  cm'^sec'* 


Collider 

KEK-B 

PEP-II 

super 

hyper 

next 

super 

hyper 

E  +  (GeV) 

3.S 

3.5 

3.1 

3.5 

3.5 

E-(GeV) 

8.0 

8.0 

9.0 

8.0 

8.0 

C  (m) 

3016 

3016 

2199 

2199 

2199 

L  ' 

10 

40-100 

2.5-4 

20 

100 

IPs 

1 

1 

1 

1 

1 

P*(m)(h) 

0.30 

0.15 

0.5 

OJ 

0.15 

fi*  (m)  (v) 

0.003 

0.003 

0.0065 

0.0037 

0.0015 

e(n  rad)  (h) 

33 

33 

44 

44 

44 

s(n  rad)  (v) 

2 

0.33 

0.44 

0.44 

0.44 

6(mrad) 

±15 

0 

0-±4 

±10 

±15 

^00 

0.068 

0.1 

0.08 

0.10 

0.10 

0.05 

0.2 

0.08 

0.10 

0.10 

N  bunches 

5018 

5018 

1700 

3400 

7000 

I+(A) 

9.4 

17.2 

4.5 

11.0 

10.3 

I -(A) 

4.1 

7.8 

2.0 

4.8 

2.35 

fartMHz) 

509 

509 

476 

476 

952 
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PEP -II  upgrades 

The  goal  of  reaching  L  of  the  order  of  10^^  cm'^sec"'  by 
2005  is  based  on  adding  rf  stations  in  order  to  increase 
currents  and  number  of  bunches.  Shorter  bunches,  and 
therefore  smaller  Jiy  will  be  possible.  An  upgrade  of  the 
longitudinal  feedback  system  with  new  electronics  and 
DAFNE-like  kicker[9]  will  increase  the  effectiveness  of 
the  system.  Higher  injection  rate,  correlated  with  added 
collimators  to  shield  injection  background  will  pay  on  the 
integrated  luminosity.  Solenoidal  windings  for  ECI 
together  with  increased  cooling  should  help  in  the  current 
increase. 

The  same  philosophy  is  foreseen  up  to  2008,  but 
pushing  parameters  to  more  limiting  values;  py'  will  be 
decreased  by  50%  by  moving  quadrupoles  closer  to  IP,  a 
small  crossing  angle  in  the  new  IR  will  be  introduced, 
higher  currents  will  be  based  on  the  feedback  system 
upgrade  to  go  to  2-bucket  spacing.  All  these  actions 
should  push  luminosities  up  to  2-4  lO^"*  cm'^sec"’.  of 
0.08  are  considered  achievable. 

Higher  luminosity  considerations  will  be  of  course 
related  to  the  achievements  obtained  at  that  point;  with 
the  today  know-how,  the  idea  is  to  increase  the  collision 
frequency  by  filling  all  buckets,  without  increasing  bunch 
currents,  together  with  a  larger  crossing  angle  and  smaller 
betas  at  IP.  The  total  current  will  be  doubled  and  to  save 
wall  power  the  energy  asymmetry  will  be  diminished. 
Tune  shifts  will  be  0. 1  and  L  of  the  order  of  1  O^^cm'^sec'*. 

The  main  upgrade  for  a  further  increase  is  again 
doubling  the  number  of  bunches  by  changing  ^  to  950 
MHz,  and  still  increasing  the  crossing  angle.  With  the 
same  b-b  tune  shift  and  slighly  lower  currents  per  bunch 
the  total  L  could  reach  values  of  10^*  cm'^sec"'.  R&D  on 
the  rf  cavity  and  related  systems  is  already  in  progress. 

KEK-B  upgrades 

The  Japanese  B-factory  has  recently  exceeded  the  10^"' 
cm  sec"’  goal,  the  maximum  luminosity  ever  reached. 
The  upgrades  for  a  factor  10  are  based  on  an  increase  of 
the  bunch  number  by  a  factor  4,  together  with  an  increase 
of  the  bunch  current,  lowering  by  a  factor  2  and 
increasing  the  crossing  angle.  An  increase  of  the 
emittance  keeps  the  b-b  tune  shifts  equal  to  the  present 
ones.  The  main  challenge  are  the  high  current  effects;  the 
rf  system  will  be  upgraded  and  SC  rf  cavities  will  be 
added.  A  beam-energy  switch  is  envisaged,  so  that  e^  are 
stored  in  the  HER  with  lower  currents  to  weaken  the  ECI 
effect.  An  upgrade  of  the  injector  is  thus  being  studied  to 
accelerate  positrons  up  to  8  GeV.  Intensive  R&D  on 
vacuum  chamber  design,  with  antichambers  and  special  rf 
shields  is  in  progress,  and  prototypes  are  being 
constructed  to  be  installed  soon  in  the  collider  for  first 
tests. 

Crab  crossing  and  head-on  collisions  are  the  key  point 
to  reach  10^*  cm'^sec"’:  higher  b-b  tune  shifts  by  doubling 
the  current  per  bunch  and  no  reduction  factor  due  to 
crossing  angle  are  predicted  by  simulations.  The  very 
high  is  obtained  also  by  lowering  the  coupling. 


TAU-CHARM  FACTORIES 

BEPCII,  CESRc 

CESR  is  moving  toward  lower  energies.  Wigglers  are 
added  to  increase  radiation  damping,  and  this  is  the  main 
feature  for  the  new  configuration.  The  first  wiggler  has 
just  been  installed  and  commissioned.  Other  12-14 
wigglers  will  be  installed  in  one  year  and  CESR  will  run 
until  2008  at  three  energies  between  3.1  and  4.1  GeV. 

In  China  BEPC  will  be  upgraded  to  become  the  first 
completely  dedicated  tau-charm  factory,  still  mantaining 
the  synchotron  radiation  production.  Its  design  is  based  on 
the  double  ring  scheme,  with  energies  ranging  between 
1.5  and  2.5GeV  per  beam,  optimized  at  1.89  GeV.  An 
inner  ring  will  be  installed  inside  the  old  one,  so  that  each 
beam  will  travel  in  half  outer  ring  and  half  inner  one. 
Superconducting  cavities  fitting  the  bimch  length 
requirements  will  be  installed.  The  production  began  in 
2002  and  commissioning  is  foreseen  for  2006. 

Table  3  shows  the  design  values  of  the  Chinese  i-charm 
factoryjlO]  together  with  the  CESR-c[ll]  parameters  at 
the  same  energy. 


Table  3  -  Tau  charm  factories 


Collider 

CESRc 

BEPCn 

status 

operating 

in 

construction 

£(GeV) 

1.88 

1.89 

C(ni) 

768 

237.S 

L(10^^cm"V’) 

3 

10 

IPs 

1 

1 

p*  (m)  (h  /  v) 

0.7/0.011 

1  /  .015 

e  (p  rad)  (h  /  v) 

0.22 

0.17/0.002 

0  (mrad) 

±2.8 

±11 

(j)  (rad) 

0.07 

0.4 

a,  (cm) 

1.0 

1.5 

Nb(10’'’) 

6.4 

4.8 

^(h/v) 

0.03  /  0.03 

0.04  /  0.04 

N  bunches 

45 

93 

1(A) 

.18 

0.91 

fRF(MHz) 

500.0 

499.8 

V(MV) 

10 

li5 

LIGHT  QUARKS  FACTORIES 

Physics  at  energies  between  the  (])  and  rhave  been 
covered  during  last  years  by  VEPP-2M  (shut  down  in 
2000)  and  BEPC  colliders.  The  interest  for  this  energy 
range  had  produced  the  proposal  for  PEP-N[12].  Now  a 
collider,  innovative  in  its  design  and  concepts,  is  in 
construction;  VEPP2000.  At  this  eneigy  range  the 
interesting  physics  needs  moderate  integrated 
luminosities,  as  shown  in  Table  1 . 
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VEPP2000 

A  2  GeV  collider  (from  there  the  2000  in  the  name), 
whose  design  is  based  on  the  concept  of  round  colliding 
beams,  is  being  constructed  in  Novosibirsk[13],  after  the 
shutdown  of  VEPP-2M  three  years  ago.  This  is  a  very 
important  step  in  the  beam-beam  interaction 
understanding.  The  expected  b-b  tune  shift  is  twice 
smaller  than  the  corresponding  flat-beam  one  with  the 
same  particle  density,  thus  predicting  a  single  bunch 
luminosity  of  10^^cm'^sec''[14]. 

The  collider  can  be  operated  also  with  flat  beams  and  at 
energies  ranging  from  500  Mev  to  1  GeV  per  beam.  Its 
compact  design  is  based  on  very  high  field  normal 
conducting  dipoles  (2.4T)  and  houses  two  experiments  in 
the  two  simmetric  interaction  Regions.  Focusing  in  the 
two  interaction  regions  is  performed  by  SC  solenoids, 
which  also  rotate  by  nil  the  planes  of  betatron 
oscillations,  thus  creating  emittance  in  both  transverse 
modes.  Dynamic  aperture  is  challenging  due  to  the  high 
chromaticity  and  beam  sizes  on  both  planes. 

Dipoles  are  bein  installed,  solenoids  are  in  the 
construction  phase  and  first  beam  is  foreseen  in  one  year 
from  now. 


Fig.  2  -  View  of  the  VEPP-2000  collider 


Table  4  -  Light  quarks  factories 


Collider 

VEPP2000 

DAFNE  2 

status 

in 

construction 

design  study 

E(GeV) 

1. 

1. 

C(m) 

24 

97 

L  (10?^  cm^s'‘) 

t 

1 

IPs 

2 

1 

P*(m)(h/v) 

0.1  /  0.1 

1.5/0.025 

e(firad)  (h/v) 

0.136/0.136 

0.5  /  0.0025 

6(mrad) 

0 

±15 

^(rad)(Piw) 

0 

0.26 

a.  (cm) 

3 

1.1 

NtdO'") 

10 

3 

^(h/v) 

0.1  /  0.1 

0.014/0.024 

N  bunches 
_ _ 1 

1 

30 

1(A) 

0.20 

0.45 

fsF(MHz) 

172 

368.3 

V(MV) 

0.12 

0.25 

DAFNE2 

DAd)NE  has  been  constructed  to  operate  at  the  d) 
resonance.  Some  of  the  systems  are  dimensioned  to 
operate  also  at  higher  energies.  It  is  presently  under 
discussion  which  will  be  the  future  of  the  collider.  One  of 
the  possibilities  is  to  increase  the  energy  by  a  factor  of 
two  [15].  The  project  is  named  DAFNE2,  where  "F" 
stands  for  Frascati  and  "2"  for  the  Ec„.  No  crucial  issues 
from  the  accelerator  physics  point  of  view  are  envisaged. 
The  main  hardware  modifications  concern  dipoles,  splitter 
magnets,  and  low-beta  quadrupoles,  while  rf  and  vacuum 
systems  are  already  dimensioned  for  the  high  energy,  with 
a  lower  beam  current.  The  main  parameters  are  given  in 
table  4  together  with  those  of  VEPP2000  for  comparison. 

O-FACTORIES 

DA$NE  is  the  only  ©-Factory  presently  in  operation. 
VEPP2000  can  be  operated  also  at  the  O  resonance,  with 
of  course  a  lower  luminosity  than  the  optimum  one. 

DA0NE 

By  the  end  of  2005  all  the  current  physics  programs  are 
expected  to  be  almost  completed,  with  an  overall 
delivered  integrated  luminosity  in  excess  of  3fb''  and 
luminosities  higher  than  lO^^cm'^sec'’.  Operation  is  done 
in  time  sharing  between  the  two  experiments,  since 
simultaneous  collisions  at  both  IPs  are  critical.  After  the 
DEAR  completion  [16],  during  the  2003  shutdown  the 
third  experiment,  FINUDA,  is  being  installed,  and  will 
share  the  collider  with  KLOE  during  the  next  few  years. 
Crossing  angle  will  be  increased  with  respect  to  design 
values,  by  changmg  the  low  beta  configuration  from  FDF 
to  DF.  Both  px*  and  Py*  will  be  lowered.  Sextupole 
components  are  being  added  to  a  family  of  quadrupoles 
for  dynamic  aperture  optimization.  Damaged  ion  clearing 
electrodes  are  being  replaced. 

The  interest  for  values  of  the  luminosity  larger  by  a 
factor  10[4]  than  the  design  ones  has  lead  to  the  study  of 
possible  new  designs  of  the  factory. 

Experience  has  shown  that  powerful  radiation  damping 
is  needed;  presently  in  DA©NE  natural  damping  is 
increased  by  a  factor  two  by  the  wigglers,  which  on  one 
hand  increase  achievable  b-b  tune  shifts,  but  on  the  other 
one  limit  the  dynamic  aperture.  Simulations  [17]  show 
that  roughly  a  factor  10  on  would  allow  an  increase  of 
the  b-b  tune  shifts  by  a  factor  of  two.  A  preliminary 
design  of  a  (t)-factory  is  being  studied.  The  parameters  are 
shown  in  Table  4,  together  with  those  which  are  foreseen 
for  next  future  in  the  present  configuration.  The 
preliminary  desi^,  named  DA©NE-w[18],  is  based  on 
cells  where  positive  and  negative  normal  conducting 
bendings  alternate,  with  a  net  positive  bending  angle  and 
an  increase  in  radiation  damping.  The  layout  and  the 
vacuum  chamber  design  are  different  from  the  present 
one.  Special  care  is  dedicated  to  optimise  the  dynamic 
aperture,  and  is  mainly  dominated  by  the  non  linear  terms 
arising  from  the  wiggling  bendings.  Increase  of  the 
average  luminosity  is  expected  from  continuous  injection 
scheme,  based  on  the  separation  of  the  now  shared  e^  and 
e-  injection  transfer  lines. 
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Table  4  -  (|)  factories 


Collider 

DA®NE 

DAONE  w 

status 

until  2005 

design  study 

L'(GeV) 

.51 

.51 

C(m) 

97 

80 

L  (10^’cm‘“s'' ) 

>1 

>10 

IPs 

1 

1 

P*  (m)  (h  /  v) 

1/0.025 

0.5  /  0.01 

E  (p  rad)  (h  /  v) 

0.6  /  0.006 

0.2  /  0.001 

0  (mrad) 

±16 

±15 

(|)  (rad) 

0.39 

0.57 

(cm) 

2 

1.2 

Nb(10'“) 

3.6 

3.5 

^  (h  /  V) 

0.027  /  0.043 

.079  /  0.070 

N  bunches 

100 

95 

1(A) 

1.8 

2.0 

far  (MHz) 

368.3 

369 

V(MV) 

0.2 

0.5 

NEW  roEAS 

New,  original,  sometimes  daring  ideas  for  increasing 
the  particle  production  are  arising.  I  will  mention  some  of 
them. 

Collision  with  four-beam  scheme,  which  was  tested  in 
DORIS  and  DCI,  with  neutralization  of  the  charge 
■  between  ef  and  e‘,  and  no  b-b  linear  tune  shift,  has  been 
revisited  by  the  KEKB  group[7] . 

Collide  beams  of  higher  energies  with  large  crossing 
angles,  so  that  Ecm  corresponds  to  the  <5,  is  being 
investigated  for  DAONE:  two  1.5  GeV  rings  colliding  at 
140°  (meaning  that  beams  travel  in  the  same  direction), 
will  produce  O's  with  a  boost  such  that  K*  decays  in 
length  of  Im,  while  Kl  can  be  detected  at  distances  up  to 
10  m,  simplifying  the  problem  of  detector  background 
shielding.  The  main  advantage  is  the  less  critical 
behaviour  of  a  higher  energy  ring  from  the  point  of  view 
of  beam  lifetime  and  radiation  damping.  Luminosity  and  ^ 
behaviour  with  large  crossing  angle  have  been 
investigated[19].  The  main  disadvantage  is  the  need  of 
very  short  bunch.  Introduction  of  a  "longitudinal  low 
beta"  at  the  IP,  so  that  the  beam  changes  its  length  along 
the  ring  and  is  minimum  at  the  IP,  by  tuning  the  R56  term 
along  the  ring,  is  being  investigated. 

Collide  ring  against  linac  is  another  idea  being  taken 
into  consideration. 

CONCLUSIONS 

The  next  steps  of  the  lepton  factories  are 
straightforward  and  consist  in  optimizing  all  the 
techniques  developed  during  last  ten  years,  expecting  in 
all  cases  an  increase  in  peak  and  integrated  luminosity  by 
about  a  fector  10.  New  ideas  to  push  the  luminosity 
values  by  another  order  of  magnitude  are  being 
investigated.  Round  beam  collisions  will  soon  be  tested  at 
VEPP2000,  answering  to  the  question  whether  b-b  tune 


shift  limits  can  be  raised.  Fig.3  summarizes  the  foreseen 
timetable  for  the  present  factories  in  next  future. 


Fig.  3  -  Timetable  of  foreseen  factories  future 
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INTERACTION  REGION  UPGRADES  OF  E"E  B-FACTORIES* 
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Abstract 

Both  the  PEP-Il  and  KERB  B-Factories  have  plans  to 
upgrade  their  Interaction  Regions  (IRs)  in  order  to 
improve  luminosity  performance.  Last  summer  PEP-Il 
added  cooling  to  the  IR  beam  pipe  in  order  to  increase 
beam  currents  thereby  raising  the  luminosity.  In  addition, 
PEP-n  is  working  on  a  design  that  modifies  the 
permanent  magnets  near  the  Interaction  Point  (IP)  for  an 
even  higher  luminosity  increase.  KERB  is  also  planning 
an  improvement  to  their  IR  that  will  decrease  the  detector 
beam  pipe  radius.  In  addition,  RER  has  a  design  to 
increase  the  luminosity  of  RERB  to  1x10^^  cm'^  sec"' 
which  includes  changes  to  the  IR.  PEP-II  is  also 
investigating  the  feasibility  of  a  1x10^®  cm'^  sec~' 
luminosity  design.  I  summarize  these  various  upgrades 
and  concentrate  on  issues  common  to  the  different 
designs. 

1  INTRODUCTION 

The  two  asymmetric-energy  B-Factories,  PEP-II  and 
RERB,  have  made  and  are  in  the  process  of  making 
improvements  in  the  IR.  The  IR  plays  an  important  role  in 
any  effort  to  improve  luminosity  performance.  Table  1 
lists  several  accelerator  parameters  that  are  important  for 
more  luminosity  and  that  have  an  influence  in  the  IR. 

Table  1:  Some  accelerator  parameters  that  are  related  to 


luminosity  and  are  important  to  the  IR. 


PEP-II 

KERB 

Present 

Design 

Present 

Design 

E'  (GeV) 

9.0 

9.0 

8.5 

8.5 

E^  (GeV) 

3.1 

3.1 

3.5 

3.5 

r(A) 

1.1 

0.75 

1.0 

1.1 

r(A) 

1.7 

2.1 

1.4 

2.6 

Hb 

939 

1658 

1284 

5000 

Ib"  (mA) 

1.17 

0.45 

0.78 

0.22 

C  (mA) 

1.81 

1.29 

1.09 

0.52 

Px*  (cm) 

35 

50 

60 

33 

Py*  (mm) 

11 

15 

6-7 

10 

L  (xlO^^) 

6.1 

3.0 

10.0 

10.0 

Collision 

Head-on 

±11  mradxingang. 

*woi1c  supported  by  the  Department  of  Eneigy  under  contract  number 
DE-AC03-76SF00515. 

*suUivan@slac.Stanfoid.edu 


As  we  can  see  from  the  table,  both  accelerators  have 
increased  luminosity  by  increasing  the  bunch  current  in 
both  beams.  In  fact,  PEP-Il  has  achieved  twice  the  design 
luminosity  with  a  little  over  half  the  number  of  design 
bunches  and  with  significantly  more  design  HER  beam 
current,  while  RERB  has  just  reached  design  luminosity 
with  only  a  little  over  25%  of  the  design  number  of 
bunches  and  with  nearly  the  design  HER  current.  These 
higher  bunch  currents  have  greatly  increased  the  HOM 
power  produced  in  these  machines  when  compared  to  the 
original  estimates.  This,  in  turn,  has  led  to  heating  issues 
for  both  accelerators.  Both  accelerators  are  also 
attempting  to  lower  the  py*  as  much  as  possible  to  further 
increase  the  luminosity.  In  order  to  benefit  from  this 
decrease  the  bunch  length  must  be  shortened  to  a 
comparable  size.  Shortening  the  bunch  length  also 
increases  HOM  power. 

2  PEP-II 

The  PEP-II  accelerator  [1]  uses  strong  horizontal  dipole 
permanent  magnet  (PM)  magnets  (Bl)  to  bring  the  9  GeV 
and  3.1  GeV  beams  into  a  head-on  collision.  These  0.5  m 
dipoles  start  at  0.21  m  from  the  IR  The  beams  then  travel 
through  a  1.2  m  shared  PM  vertically  focusing  quadrupole 
that  starts  at  0.9  m  from  the  IP.  This  quadrupole  (QDl)  is 
centered  on  the  high-energy  beam  (HEB)  orbit  in  order  to 
maximize  the  horizontal  bending  of  the  low-energy  beam 
(LEB)  and  separate  the  beams  enough  to  place  QF2,  a 
horizontally  focusing  septum  magnet  for  the  LEB,  2.8  m 
from  the  IP.  Figure  1  shows  a  layout  view  of  the  PEP-II 
IR. 


PEP-II  Interaction  Region 


Meters  _ 

Figure  1.  Layout  of  the  PEP-II  Interaction  Region.  Note 
the  expanded  vertical  scale.  The  beams  are  brought  into  a 
head-on  collision  by  the  (~0.8T)  dipole  magnets  (Bl). 
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Outboard  of  QF2  are  the  two  final  focus  magnets  for 
the  HEB,  QD4  and  QF5.  Both  of  these  magnets  are  also 
septum  magnets.  The  QD4  magnets  are  positioned  such 
that  the  HEB  travels  through  the  magnet  with  a  14  mm 
offset.  This  offset  horizontally  steers  the  HEB  so  as  to 
direct  the  produced  quadrupole  sjmchrotron  radiation 
(SR)  from  the  QF5  magnet  away  from  the  Be  beam  pipe 
located  at  the  collision  point. 

SR  masks  under  the  B1  magnets  shield  the  Be  chamber 
from  direct  SR  and  all  radiation  fi-om  upstream  sources  as 
well  as  from  backscattered  downstream  surfaces  must 
bounce  off  of  at  least  two  surfaces  before  they  can  strike 
the  Be  chamber.  Primary  detector  backgrounds  for  the 
silicon  vertex  tracker  (SVT)  come  from  off-energy  beam 
particles  (Beam-gas-Bremsstrahlung  or  BOB)  that  are 
swept  out  in  the  horizontal  plane  by  the  upstream  Q4 
magnet  for  the  HER  and  the  upstream  Q1  and  B1  magnets 
for  the  LEB. 

The  Be  beam  pipe  consists  of  two  thin  walls  (800pm 
and  400  pm)  with  a  1.2  mm  water  channel  between  the 
walls.  The  water  absorbs  the  power  deposited  in  the 
chamber  from  HOMs  and  resistive  wall  losses.  At  typical 
operating  beam  currents  the  Be  chamber  water  absorbs 
about  1  kW  of  power.  At  each  end  of  the  Be  is  located  a 
small  2  convolution  bellows  that  is  designed  to  minimize 
stresses  in  the  chamber  when  nearby  beam  pipes  move 
from  thermal  heating.  The  chambers  on  either  side  of  the 
Be  beam  pipe  are  composed  of  mixtures  of  copper  and 
dispersion  strengthened  copper  (GlidCop).  The  GlidCop 
pieces  absorb  the  significant  amount  of  SR  power  that 
strikes  the  masking  (-3  kW  from  the  LEB  and  -  1  kW 
fi-om  the  HEB). 

The  entire  assembly  of  Q1  and  B1  magnets  with  copper 
and  Be  beam  pipes  is  rigidly  held  in  a  support  tube  that  is 
positioned  inside  the  BaBar  detector.  The  ends  of  the 
support  tube  couple  to  the  rafts  on  either  side  of  the 
detector  that  hold  the  Q2,  Q4  and  Q5  magnets.  The 
bellows  at  each  end  of  the  support  tube  coimect  to  the  Q2 
vacuum  chamber  where  the  beams  go  into  separate  beam 
pipes.  This  junction  of  two  beam  pipes  to  the  one  beam 
pipe  in  the  support  tube  generates  significant  HOM  power 
(~5  kW)  which  is  absorbed  by  silicon  carbide  tiles  brazed 
into  the  two  bellows  sections  at  the  ends  of  the  support 
tube. 

Last  year,  we  discovered  that  the  small  bellows  on 
either  side  of  the  Be  beam  pipe  were  getting  hot  through 
heating  from  HOM  power  penetrating  the  internal  RF 
shields.  The  heating  was  observed  by  a  thermocouple 
attached  close  to  the  bellows  (see  Fig.  2).  The  shields 
were  designed  to  protect  the  bellows  from  longitudinal 
modes  but  the  presence  of  the  nearby  SR  masks  can 
convert  these  modes  into  transverse  modes.  In  particular, 
an  Hll  mode  generated  at  an  angle  that  couples  to  the 
longitudinal  electric  field  [2].  (See  Figs.  3  and  4.)  These 
transverse  modes  can  penetrate  the  longitudinal  slits  and 
deposit  power  in  the  stainless  steel  bellows  convolutions. 

The  temperature  rise  was  about  100°F  at  the 
thermocouple  which,  in  itself,  was  not  too  alarming  but 
the  computer  model  for  the  heating  of  the  bellows 


indicated  that  the  actual  bellows  convolutions  were 
significantly  hotter  (~300°C). 


Figure  2.  Picture  of  the  small  bellows  convolutions  near 
the  Be  beam  pipe  that  heat  up  from  HOM  power.  The 
thermocouple  that  registered  the  heat  can  be  seen.  The 
location  of  the  thermocouple  is  between  the  bellows  and 
the  Be  beam  pipe  which  is  covered  with  a  sheet  of  Ta.  The 
computer  model  of  this  area  indicated  that  the  bellows 
convolutions  were  much  hotter  than  the  readings  firom  the 
thennocouple.  The  permanent  magnet  slices  of  the  B1 
magnet  are  shown  to  the  right  of  the  bellows. 


Figure  3.  Drawing  of  the  Be  beam  pipe  and  bellows 
sections  at  each  end  of  the  Be.  The  Be  is  brazed  to 
stainless  steel  sleeves  and  the  bellows  sections  are  welded 
to  the  SS  sleeves.  The  Be  is  cooled  by  water  which  enters 
and  exits  through  the  tubing  on  the  right  side  of  the 
drawing.  The  main  SR  mask  for  the  LEB  can  be  seen  on 
the  left  and  is  25  cm  from  the  IP,  the  SR  mask  for  the 
HEB  is  located  on  the  right  side  but  is  farther  away  (50 
cm  from  the  IP)  and  is  not  seen. 


Figure  4.  Detail  drawing  of  the  LEB  SR  mask  and  bellows 
section.  The  green  arrows  indicate  the  electric  fields  of  the 
passing  beam  bunches  and  the  subsequent  magnetic  field 
lines  (in  red)  from  Hll  that  can  penetrate  the  slots  in  the 
RF  shield  of  the  bellows. 
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Last  summer,  we  removed  the  support  tube  in  order  to 
add  cooling  to  these  small  bellows  near  the  Be  beam  pipe. 
In  addition,  we  also  rebuilt  the  Q2  chamber  on  the 
detector  forward  side  and  increased  the  number  of  HOM 
power  absorbing  tiles  in  the  bellows  sections  at  the  ends 
of  the  support  tube.  So  far,  the  results  are  very 
encouraging.  The  heating  in  the  small  bellows  is  very  well 
controlled  and  should  not  become  a  problem  until  the 
heating  increases  by  at  least  a  factor  of  three.  The 
temperature  rise  at  the  original  thermocouple  location  is 
now  40°F  for  almost  the  same  amount  of  beam  current. 
Figs.  5  and  6  show  further  details  about  the  cooling 
improvements. 


Figure  5.  Picture  of  the  cooling  system  that  we  installed 
last  summer.  The  first  3  slices  of  B1  magnetic  material 
were  removed  for  access  to  the  area.  The  small  tubes  (1/8 
in.  stainless  steel)  of  air  and  water  were  threaded  under 
the  B1  magnet  and  can  be  seen  between  the  bellows  and 
the  magnetic  material.  Three  separate  water  circuits  and 
two  separate  air  circuits  were  installed  for  each  bellows 
section.  Each  air  circuit  has  two  independent  supply 
tubes. 


Figure  6.  Picmre  of  the  new  cooling  covered  by  the  final 
air  shield  to  minimize  the  amount  of  air  blowing  at  the 
SVT.  One  also  sees  one  half  of  the  SVT  installed.  The 
SVT  is  mounted  on  the  small  gimbal  ring  seen  to  the  left 
in  the  photo.  The  bellows  section  on  the  other  side  of  the 


Be  beam  pipe  was  also  cooled  with  the  new  air  and  water 
circuits  described  above  even  though  that  side  has  better 
cooling  from  the  Be  water  cooling  system. 

3KEKB 

The  KEKB  IR  design  has  several  distinct  differences 
when  compared  to  the  PEP-II  design.  KEKB  eollides  the 
two  beams  with  a  ±11  mrad  crossing  angle  thereby 
eliminating  the  need  for  strong  horizontal  dipoles  to 
separate  the  beams.  In  addition,  the  3.5  GeV  positron  and 
8  GeV  electron  beams  enter  the  IR  on-axis  in  all  incoming 
quadrupoles.  This  eliminates  any  strong  SR  fans  from 
bending  magnets  upstream  of  the  IP  and  minimizes  SR 
backgrounds  in  the  deteetor.  Figure  7  shows  a  layout  of 
the  KEKB  IR. 


KEKB  Interaction  Region 


Meters 


Figure  7.  Layout  of  the  KEKB  IR.  The  incoming  beams 
are  on-axis  and  the  outgoing  beams  are  off-axis  in  the 
shared  QCSL  and  QCSR  superconducting  quadrupoles." 
Note  the  expanded  vertical  scale.  For  comparison,  the 
scales  in  this  plot  are  the  same  as  the  scales  used  for  the 
PEP-11  layout  in  Figure  1 . 

SR  from  quadrupole  magnets  (focusing  radiation)  is 
still  an  issue  and,  in  general,  masks  are  still  needed  close 
to  the  IP  to  protect  the  detector  Be  beam  pipe  from  this 
SR.  The  KEKB  design  has  two  small  SR  masks  located 
near  the  Be  beam  pipe  for  just  this  purpose.  See  fig.  8  for 
more  details. 

The  KEKB  design,  like  PEP-II,  has  the  quadrupole 
nearest  to  the  IP  shared  by  both  beams.  This  means  that 
the  outgoing  beams  are  far  off-axis  as  they  travel  through 
these  shared  inner  quads.  The  outgoing  beams  then 
generate  SR  fans  of  significant  power,  part  of  which  can 
backscatter  from  surfaces  relatively  close  to  the  detector 
and  be  seen  as  a  background  in  the  silicon  vertex  deteetor 
(SVD)  located  around  the  Be  beam  pipe. 

KEKB  has  also  experienced  heating  near  the  Be  beam 
pipe  from  HOM  power.  They  have  replaced  one  Be 
chamber  due  to  heating  issues  and  have  had  one  Be  beam 
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pipe  fail  in  a  manner  that  has  not  been  fully  understood 
but  was  probably  related  to  a  heating  issue. 

4  NEAR  TERM  UPGRADES 

Both  B-Factories  have  plans  for  near-term  upgrades  in 
the  IR  that  are  designed  to  improve  machine  performance. 

4.1  KEKB 

This  summer  KEKB  will  replace  the  2.0  cm  radius  Be 
beam  pipe  with  a  new  smaller  radius  (1.5  cm)  beam  pipe 
in  order  to  improve  the  deteetor  vertex  resolution  by 
making  room  for  another  layer  of  tracking  detectors  and 
by  getting  radially  closer  to  the  IP  [3].  The  new  design  has 
no  SR  masks  near  the  Be  beam  pipe  in  order  to  eliminate 
these  “mode  converters”  and  minimize  the  HOM  power 
generated  near  the  Be  beam  pipe.  Figure  8  shows  the 
difference  between  the  present  and  new  beam  pipes.  The 
new  beam  pipe  will  use  a  liquid  coolant  rather  than  the 
present  design  which  employs  He  gas. 


IP  Chamber  for  SVD1  (r 

~  2.0  cm) 

(BWD;  L.side)^^- —  " 
n  Be  pipe 

(FWDj  Reside) 

1  _ -  X  - 1 

U  '  1  > — IP  A 

•Ut^  -J 

'st;?'  -^LER 

IP  Chamber  for  SVD2  (r 

~  1.5  cm) 

to  reduce  stress  on  the  Be  pipe 

Figure  8.  Drawings  of  the  present  KEKB  Be  beam  pipe 
with  some  of  the  shielding  and  masking  and  of  the  new 
Be  beam  pipe  to  be  installed  this  summer.  Note  that  the 
two  small  SR  masks  in  the  present  beam  pipe  are  not 
preserved  in  the  new  beam  pipe.  The  lost  particle  (BOB) 
shielding  has  also  been  improved.  The  smaller  beam  pipe 
radius  is  also  evident. 

4.2  PEP-II 

PEP-II  also  plans  to  upgrade  the  IR  in  2005.  The  strong 
dipole  magnets  will  be  modified  with  the  last  20  cm  of  the 
dipole  field  being  replaced  by  a  strong  focusing 
quadrupole  field.  This  effectively  moves  the  Q1  magnet 
closer  to  the  IP  allowing  for  lower  Py*  values  at  the 
collision  point.  This  change  reduces  the  B-dl  of  the  dipole 
field  from  0.329  T  to  0.176  T  and  introduces  a  small 
(±3.25  mrad)  crossing  angle  at  the  IP.  The  change  also 
greatly  reduces  the  total  amount  of  SR  generated  by  these 
dipoles.  The  crossing  angle  separates  the  beams  more 
quickly  which  decreases  the  tune  shift  seen  by  the  beams 
at  the  parasitic  crossings  on  either  side  of  the  collision 
point  and  opens  up  the  possibility  of  putting  bunches  in 


every  RF  bucket  for  a  total  number  of  3400  bunches.  This 
upgrade  is  being  designed  to  allow  the  3y*  values  to  go 
down  to  5  mm.  Lowering  the  py*  down  to  5  mm  of  course 
means  that  PEP-II  will  also  have  to  concentrate  on 
making  the  bunch  length  shorter  than  the  present  values  of 
11-13  mm.  The  shorter  bunches  will  then  also  increase  the 
HOM  power  generated  in  the  IR.  Figure  9  shows  a  layout 
of  the  upgraded  PEP-II  IR. 


2x1034  Interaction  Region 

with  a  mraH  Vannlo 


Meters 

Figure  9.  Layout  of  the  upgraded  PEP-II  IR.  Note”t]te 
expanded  vertical  scale.  The  last  four  slices  (20  cm)  of  the 
B1  magnets  have  been  replaced  with  quadrupole  field  to 
increase  the  focusing  and  effectively  move  the  QDl 
magnet  closer  to  the  IP. 


5  VERY  HIGH  LUMINOSITY  IRS 

Both  B-Factories  are  also  working  on  designs  to  greatly 
increase  the  luminosity.  Both  designs  call  for  increased 
beam  currents  (10-25  A)  and  for  still  lower  Py*  values 
(1.5-3  mm).  HOM  power  will  be  a  major  concern  for 
these  high-current  machines. 

5.1  SuperKEKB 

KEK  has  a  well-developed  design  to  upgrade  KEKB  to 
a  -lxlO^’  cm”^  sec"’  luminosity  machine  [4-5].  The  beam 
Clients  are  9.4  A  for  the  LEB  and  4. 1 A  for  the  HEB.  The 
Py*  value  is  3  mm  and  the  bunch  length  is  3  mm.  The 
design  for  the  IR  is  very  similar  to  the  present  KEKB  (see 
Figure  10).  The  incoming  beams  are,  again,  on-axis  and 
the  outgoing  beams  are  off-axis  in  the  shared  quadrupoles 
that  are  closest  to  the  IP.  The  crossing  angle  has  been 
increased  to  ±15  mrads  in  order  to  preserve  beam 
separation  and  maintain  the  option  of  putting  beam  into 
every  RF  bucket  (-5000).  This  increase  in  the  crossing 
angle  will  tend  to  increase  the  amount  of  locally  generated 
SR  on  top  of  the  large  current  increases  and  controlling 
this  SR  power  will  have  to  be  studied  very  carefully. 
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superconducting  quads  are  closer  to  the  IP.  In  order  to  get 
a  similar  beam  separation  as  the  present  KERB,  the 
crossing  angle  has  been  increased  to  ±15  mrads. 


5.2  A  lxl(f^  Luminosity  PEP-II 

For  PEP-II,  the  very  preliminary  IR  design  for  a  1x10^* 
cm“^  sec"’  luminosity  machine  employs  a  crossing  angle 
of  ±12  mrads  similar  to  the  present  KERB  machine  [6]. 
The  design  has  symmetric  optics  and  orbits  and  that 
means  that  SR  fans  are  generated  in  the  upstream  shared 
quadrupoles.  The  power  from  the  fans  is  quite  large  due  to 
the  very  high  beam  currents  and  care  must  be  taken  to 
properly  absorb  this  power  and  to  account  for  the 
backgrounds  from  these  fans  as  well  as  the  from  the 
quadrupole  focusing  radiation.  Figure  11  shows  a  layout 
of  the  IR  for  a  1x10^®  luminosity  design.  The  beam 
currents  are  22  A  for  the  LEB  and  10  A  for  the  HEB,  but 
other  designs  are  being  considered  with  currents  of  16  A 
and  7  A  respectively.  The  Py*  values  go  as  low  as  1.5  mm. 
The  beam  energies  for  this  design  are  8  GeV  for  the  HEB 
and  3.5  GeV  for  the  LEB. 


E36  B-Factory  +/- 1 2  mrad  xing  angle  Q2  septum  at  2.5  m  8  GeV 


Figure  11.  Layout  of  a  preliminary  design  for  the  IR  of 
a  1x10^^  cm"^  sec"’  luminosity  machine  at  SLAC.  There 
are  no  dipole  magnets  to  bring  the  beams  into  collision. 
Instead  a  crossing  angle  of  ±12  mrads  is  used.  The  shared 
quadmpoles  are  superconducting  and  are  symmetrically 
positioned  to  generate  the  same  bending  in  the  beam 


upstream  as  well  as  downstream  of  the  IP.  The  SR  fans 
generated  by  these  beams  are  shown  in  the  figure.  The 
powerful  HEB  beams  stay  inside  the  beam  envelope  until 
at  least  more  than  10  m  from  the  IP  thereby  allowing  the 
power  to  spread  out  and  become  more  manageable.  The 
SR  fans  from  the  LEB  start  to  strike  the  beam  pipe  about 
5  m  from  the  IP. 


6  SUMMARY 

The  present  B-Factories  have  achieved  very  impressive 
luminosity  peaks  with  far  fewer  bunches  than  was 
assumed  in  the  original  designs.  The  beam  currents, 
however,  are  approaching  and,  in  some  cases,  exceeding 
the  design  values.  This  combination  has  greatly  increased 
the  single  bunch  current  and  this  has,  in  turn,  increased 
the  HOM  power.  The  increase  in  HOM  power  has  been 
seen  in  both  B-Factory  interaction  regions  and  both 
factories  have  had  to  improve  cooling  near  the  Be  beam 
pipe  due  to  HOM  power.  Future  upgrades  to  these  IRs 
have  to  include  HOM  power  implications. 

Designs  of  even  higher  luminosity  B-Factories  entail 
large  beam  currents  and  short  bunch  lengths,  both  of 
which  increase  the  total  HOM  power.  In  addition,  the 
large  beam  currents  generate  intense  synchrotron  radiation 
fans  in  the  IR  of  these  designs  that  must  be  kept  under 
control.  Experience  from  the  present  B-Factories  will  be 
an  invaluable  benchmark  for  estimating  the  HOM  power, 
SR  backgrounds,  beam-gas  backgrounds  and  heating  from 
these  very  high  current  machines. 
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RECENT  DEVELOPMENTS  IN  DESIGNS  FOR  e+e"  COLLIDERS 
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KEK,  Oho,  Tsukuba,  305-0801,  Japan 


Abstract 

We  discuss  an  design  of  future  e+e“  collider  from  the 
view  point  of  the  beam  dynamics.  The  crossing  angle  per¬ 
mits  short  bunch  spacing  without  complex  design  of  the 
interaction  region.  In  KEKB,  the  crossing  angle  did  not 
degrade  the  collision  performance.  However  we  need  to 
study  how  the  crossing  angle  affects  the  beam-beam  inter¬ 
action  for  the  future  high  luminosity  colliders.  The  electron 
cloud  instability,  which  limited  the  luminosity  performance 
in  positron  ring,  have  been  somehow  recovered  by  using 
solenoid  magnets.  The  ion  instability,  which  have  been  ob¬ 
served  in  electron  rings,  may  be  serious  for  higher  beam 
current.  We  have  to  study  which  particle  should  be  stored 
in  high  or  low  energy  rings  to  minimize  the  instability  ef¬ 
fects.  The  coherent  synchrotron  radiation  becomes  serious 
for  short  bunch  length  and  high  bunch  current.  We  discuss 
these  issues  one  by  one. 

INTRODUCTION 

B  factories  in  the  world,  PEP-II  and  KEKB,  have  been 
successfully  operated  with  very  high  luminosities.  The 
peak  luminosities  of  PEP-II  and  KEKB  are  0.61  x  10®^  and 
1.06  X  10^^  cm~2s“^  respectively,  at  May,  2003.  The  op¬ 
erations  are  somewhat  different  from  their  original  designs. 
In  the  both  factories,  the  number  of  bunches  is  less  than  the 
design  values,  and  bunch  current  is  higher  than  the  design 
values.  They  are  operated  in  a  regime  where  beam-beam 
parameter  is  saturated  ~  0.05. 

We  are  challenging  to  get  more  luminosity  everyday. 
The  solenoid  magnet  coils  to  avoid  the  electron  cloud  ef¬ 
fects  were  wound  everywhere  as  possible  as  we  could.  The 
horizontal  tune  was  controlled  to  keep  closed  to  half  in¬ 
teger.  Vertical  tune  and  chromaticity  was  scanned  to  get 
higher  luminosity  and  useful  beam  life  time  every  time. 
Geometrical  condition  of  collision,  offset  of  two  beam,  ver¬ 
tical  crossing  angle  and  RF  phase  were  scanned  and  feed 
backed  in  every  second.  All  of  optics  parameters  at  the  col¬ 
lision  point,  Px(v)  functions,  dispersions  x-y 

coupling  parameters  (fii  -  R^)  were  scanned  every  time 

[1.2]. 

In  PEP-II,  945  bunches  are  stored  with  6  ns  spacing.  In 
KEKB,  1000  bunches  had  been  stored  with  8  ns  spacing, 
because  increasing  of  the  number  of  bunch  did  not  con¬ 
tribute  luminosity  until  last  year  (2002)  perhaps  due  to  elec¬ 
tron  cloud  effects,  not  parasitic  collision  effects.  As  the 
result  of  addition  of  solenoid  magnets  in  every  long  shut¬ 
down  periods,  the  number  of  bunches  can  be  made  increase 
gradually. ,  Attempt  to  increase  the  number  of  bunches  has 
been  continued  in  KEKB. 


In  the  both  of  SLAC  and  KEK,  upgrade  plans  toward  the 
luminosity  of  10®®  -  10®®  cm^^s-i  are  proposed.  We  dis¬ 
cuss  the  design  development  of  the  upgrade  plan  of  KEKB, 
named  by  super  KEKB,  in  this  report.  The  parameters  for 
the  present  operation  of  KEKB  and  those  for  the  design  of 
Super  KEKB  are  shown  in  Table  1. 

We  discuss  three  topics:  beam-beam  effects,  instabilities 
and  coherent  synchrotron  radiation.  Collision  with/without 
a  crossing  angle  is  reviewed  in  Sec.II.  Electron  cloud  and 
ion  instabilities  are  discussed  in  Sec.III.  These  studies  in¬ 
form  which  particle  stored  in  low  energy  or  high  energy 
rings.  Longitudinal  single  bunch  instability  due  to  the  co¬ 
herent  synchrotron  radiation  is  discussed  in  Sec.IV. 

CROSSING  ANGLE 

In  high  luminosity  e+e“  factories,  KEKB  and  DA$NE 
adopt  collision  with  finite  crossing  angle,  and  PEP-II 
adopts  head-on  collision.  Crossing  angle  makes  easy  a  de¬ 
sign  of  the  interaction  region  for  the  narrow  bunch  spacing. 
However  the  crossing  collision  scheme  had  been  consid¬ 
ered  to  be  a  taboo,  since  the  unsuccessful  experience  of 
DORIS  in  DESY.  In  KEK  and  INFN,  many  studies  were 
performed  to  decide  the  adoption  of  the  crossing  collision 
scheme  [3,  4,  5].  KEKB  and  PEP-II  have  achieved  lumi¬ 
nosities  of  1.06  X  10®^  and  0.61  x  10®‘‘  cm'^s-i,  respec¬ 
tively  at  May,  2003.  The  beam-beam  parameters  are  0.05 
for  KEKB,  respectively.  Consequently,  the  crossing  angle 
does  not  affect  the  beam-beam  performance  in  the  region 
of  the  beam-beam  parameter  up  to  0.05. 

We  now  target  higher  luminosity,  L  =  10®®  ~ 
10®®  cm“^s“^  The  beam-beam  parameter  should  be 
higher  to  get  the  luminosity.  We  need  to  review  the  ef¬ 
fect  of  crossing  angle  on  the  beam-beam  interaction  for  a 
higher  beam-beam  parameter. 

Collision  with  a  half  crossing  angle  of  6  is  equivalent  to 
that  between  beams  with  z  dependent  dispersion  (Cx  =  0) 
at  the  interaction  point  [6].  Crab  cavities  generate  the  dis¬ 
persion  Cx(s)-  Matching  the  dispersion  as  Ci  =  -^  at  the 
interaction  point,  effects  of  the  crossing  angle  are  canceled 
[7]. 

We  have  studied  the  beam-beam  effects  using  the  weak- 
strong  and  strong-strong  simulation  methods  [8].  In  the 
weak-strong  method,  one  beam  is  represented  by  macro¬ 
particles  and  another  beam  is  represented  by  a  fixed  Gaus¬ 
sian  charge  distribution.  In  the  strong-strong  method,  both 
beams  are  represented  by  many  macro-particles,  and  their 
interactions  are  evaluated  by  the  particle  in  cell  method. 

The  weak-strong  simulation  is  executed  for  100  macro¬ 
particles  and  10  or  more  longitudinal  slices  during  40,0(X) 
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Table  1:  Basic  parameters  of  present  KERB  and  Super  KERB 


RERB 

Super  RERB 

HER 

LER 

HER  LER 

particle 

e~ 

C 

3016m 

3016m 

E 

N± 

8  GeV  3.5  GeV 

5.4  X  10^°  7.3  X  IQi® 

8  GeV  3.5  GeV 

^bunch 

1280 

5000 

PxIPy 

60  cm  /  7  mm 

15  cm  /  3  mm 

24  nm 

18  nm 

18  nm 

Oz 

7  mm 

3.5  mm 

VxIVylVa 

0.515/0.565/0.02 

0.515/0.565/0.02 

Txy/^O 

4,000 

4,000 

4,000  4,000-8,000 

6c 

11  mrad 

0—15  mrad 

L(cm  ^s  ^) 

1.06  X  10®^ 

1  X  10®®  -  10®® 

revolutions.  The  strong-strong  simulation  is  executed  for 
100,000  macro-particles  and  5  longitudinal  slices  during 
20,000  revolutions. 

We  calculated  the  luminosity  for  various  current  keep¬ 
ing  the  transparency  condition.  Figure  1  shows  the  beam- 
beam  tune  shift  which  is  estimated  by  the  luminosity  for 
the  positron  current,  /+.  Pictures  (a)  and  (b)  are  given  by 
the  weak-strong,  and  (c)  and  (d)  are  by  the  strong-strong. 
The  tune  shift  should  linearly  depends  on  /+,  if  there  is 
no  dynamical  effect  of  the  beam-beam  interaction.  In  the 
weak-strong  simulation,  the  tune  shift  linearly  increases  up 
to  0.25  for  head-on  collision,  while  it  saturates  around  less 
than  0.08  for  crossing  angle  11  mrad.  The  tune  shift  is 
extremely  high  beyond  all  belief.  We  use  operating  tune 
which  is  close  to  half  integer  in  horizontal  as  is  operated  in 
RERB. 
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Figure  1:  Beam-beam  parameter  (a)(c)  and  luminos¬ 
ity  (b)(d)  function  of  positron  current  for  collisions 
with/without  crossing  angle.  Pictures  (a)  and  (b)  are  ob¬ 
tained  by  the  weak-strong  simulation,  and  (c)  and  (d)  are 
by  the  strong-strong  simulation. 


Beam-beam  halo  is  another  limitation  of  the  beam-beam 
effect  [9].  The  halo  is  evaluated  by  a  very  long  term  simu¬ 
lation  using  the  weak-strong  method.  We  used  brute  force 
simulation  using  500  particle  times  10®  turn,  though  there 
is  some  technique  to  reduce  the  calculation  time  [9,  11]. 
The  CPU  time  was  a  few  10  minute  for  10  longitudinal 
slices.  Figure  2  shows  distribution  of  beam  particles  in 
X  -  y  plane.  The  particle  times  turn  numbers,  5  x  10®, 
corresponds  to  more  than  1  hour.  Concerning  also  beam- 
beam  halo,  the  head-on  collision  is  better  than  that  with 
finite  crossing  angle.  [10]. 

SO 
50 

I  “ 

^  30 
20 
10 
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Figure  2:  Beam-beam  halo  for  collisions  without  (left)  and 
with  (right)  crossing  angle  estimated  by  the  weak-strong 
simulation. 


PARTICLE  AND  ENERGY 

In  asymmetric  B  factories,  PEP-II  and  RERB,  energies 
of  electrons  and  positrons  are  chosen  to  be  8-9  GeV  and 
3-3.5  GeV.  The  ehoiee  is  reasonable  by  considering  an  in¬ 
jector  Linac,  in  which  positrons  are  created  as  secondary 
particles  by  electrons  accelerated  to  be  several  GeV.  Elec¬ 
tron  beam  can  be  accelerated  to  higher  energy,  while  its 
intensity,  which  is  primary,  is  stronger  than  that  of  positron 
beam. 

From  the  viewpoint  of  the  beam-beam  interaction,  the 
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number  of  particles  with  the  low  energy  in  a  bunch  is  re¬ 
quired  to  be  more  than  those  with  the  high  energy.  The  so- 
called  transparency  condition  is  Nh^h  =  where 

^H{L)  and  7h(i,)  are  the  number  of  particles  and  the  rela¬ 
tivistic  factor  of  the  high  (low)  energy,  respectively.  There 
is  a  merit  to  choose  that  electron  beam  has  a  lower  energy. 

In  the  B  factories,  ion  and  electron  cloud  instabilities  are 
observed  in  electron  and  positron  rings,  respectively,  and 
they  affect  the  performances  of  the  rings.  We  survey  these 
instabilities  and  study  which  beam  should  have  high  or  low 
energy. 

Electron  cloud  effect 

We  first  estimate  build-up  of  an  electron  cloud  for  two 
case  of  the  positron  beam  energies,  E  =  3.5  GeV  and  8 
GeV.  The  photoelectron  instability  model  [12]  is  used  for 
the  estimation  of  the  build-up.  There  are  some  codes  to 
estimate  the  build-up  [12,  13,  14].  We  used  the  code  PEI 
[12]. 

The  primary  electrons  are  created  by  synchrotron  radi¬ 
ation  with  a  production  rate,  Ue  =  0.0015/(m-e+),  for  a 
positron  passage  per  a  mater.  This  production  rate  cor¬ 
responds  that  100  photons  create  1  photoelectron  at  the 
chamber  surface.  This  is  an  empirical  value  for  a  test  ante¬ 
chamber  at  KERB.  The  photons  are  assumed  to  be  created 
uniformly  at  the  chamber. 

The  secondary  yield  is  used  a  formula  given  by  ref.[13], 

Y2{E)  =  ,Yoexp{-5E/Emax) 

E  1.44 

^  Emax  0.44  -f  {E/EmaxY-^^  ' 

Emax  =  200  eV,  =  0.5  and  Y^ax  =  1.2  are  used  here. 

Figure  3  shows  the  electron  cloud  density  for  the  beam 
energy  of  the  cases  of  3.5  GeV  and  8  GeV.  The  density  for 
8  GeV  is  higher  than  that  for  3.5  GeV:  /3e(8GeV)>  pe(3.5 
GeV). 

In  a  regime  for  a  lower  cloud  density  than  neutralization, 
electrons  are  strongly  overfocused  by  the  beam,  therefore 
cloud  density  is  determined  by  dynamical  balance  of  cre¬ 
ation  and  absorption.  In  another  regime  for  a  high  cloud 
density  close  to  neutralization,  the  overfocusing  force  is 
weakened,  therefore  electrons  tend  to  be  accumulated  up  to 
the  neutralization.  If  these  two  cases  of  3.5  ad  8  GeV  are  in 
the  first  regime,  the  cloud  density  of  8  GeV  case  should  be 
more  than  that  of  3.5  GeV:  peCS  GeV)>  Pe(3.5  GeV).  Be¬ 
cause  the  transparency  condition,  Nh^h  =  NlIl,  gives 
an  equal  number  of  photoelectrons  production  due  to  the 
number  of  photon  scaling  to  N+'y^,  and  the  overfocusing 
force  of  low  energy  (high  intensity)  beam  is  stronger.  If 
they  are  in  the  second  regime,  the  electron  line  density  is 
near  the  beam  line  density:  that  is,  3.5  GeV,  which  is  higher 
line  density,  should  be  higher  density,  pe(8  GeV)<  pe(3.5 
GeV). 

The  simulation  result  in  Figure  3,  pe(8  GeV)>  Pe(3.5 
GeV),  shows  that  the  both  cases  are  in  the  first  regime.  The 
case  of  8  GeV  has  so  slow  build-up  time  that  it  may  be  in 


the  second  regime.  Since  these  behaviors  depend  on  pa¬ 
rameters  as  electron  production  and  secondary  rates  etc., 
we  need  more  study  whether  these  results  are  always  ob¬ 
tained. 
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Figure  3:  Electron  cloud  density  for  3.5  GeV  and  8  GeV 
cases. 
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Figure  4:  Wake  field  caused  by  the  electron  cloud  for  3.5 
GeV  and  8  GeV  cases. 


We  first  estimate  the  coupled  bunch  instability  caused 
by  the  electron  cloud  [12].  A  bunch  train  which  passes 
through  the  electron  cloud  experiences  a  wake  force.  Fig¬ 
ure  4  shows  the  wake  field  for  each  case.  The  growth  time 
can  be  estimated  by  the  wake  force  induced  by  the  electron 
cloud.  The  growth  times  were  obtained  as  r  =  O.STq  and 
0.4ro  for  the  case  of  8  GeV  and  3.5  GeV,  respectively.  The 
growth  time  for  8  GeV  was  a  little  faster  than  that  for  3.5 
GeV.  The  strongest  mode  was  around  m  «  4500,  whose 
frequency  was  w  «  (5120  -  4500)wo  -  wp  for  either  case. 
The  growth  rates  are  too  fast  to  recover  a  bunch  by  bunch 
feedback  system.  Actually  the  electron  cloud  should  be  re¬ 
moved  by  solenoid  magnets,  ante-chamber,  electrodes  and 
other  measures.  We  here  focus  the  relative  value  of' the 
growth:  that  is,  3.5  GeV  is  a  little  slower.  This  result  may 
be  due  to  that  the  cloud  density  for  3.5  GeV  was  further 
weaker,  though  the  gamma  factor  is  smaller. 

We  next  study  single  bunch  instability  due  to  the  electron 
cloud.  The  positron  beam,  which  passes  through  the  elec¬ 
tron  cloud,  experiences  a  short  range  wake  force.  The  wake 
force  causes  the  strong  head-tail  instability.  The  instability 
can  be  simulated  by  some  simulation  codes  [15, 16, 17, 18]. 
Figure  5  shows  the  growth  of  the  vertical  beam  size  for  the 
cases  of  3.5  and  8  GeV  obtained  by  the  code  PEHTS  [17]. 

The  threshold  of  the  strong  head-tail  instability  due  to 
the  electron  cloud  is  pe.ta  =  0.5  - 1  x  10^^  m“^  for  3  GeV 
and  1—2x10^^  m“^  for  8  GeV.  The  threshold  densities  for 
the  cases  of  3.5  and  8  GeV  are  about  h£f  of  those  estimated 
by  the  build  up  code  in  Figure  3.  These  results  show  that 
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Figure  5:  Growth  of  the  single  bunch  instability  caused  by 
the  electron  cloud  for  (a)  3.5  GeV  and  (b)  8  GeV  cases. 


difficulties  for  the  two  cases  are  not  big  difference,  because 
effect  of  7  is  cancelled  by  the  density  difference. 

Ion  effect 

We  study  which  should  choose  3.5  or  8  GeV  for  the  elec¬ 
tron  beam  energy.  In  an  electron  ring,  ions,  which  produced 
by  ionization  of  residual  gas  due  to  the  beam,  trapped  in 
the  bunch  train,  and  causes  a  two-stream  instability  [19]. 
We  studied  this  instability  using  a  simulation  model  shown 
in  Ref.[20,  21].  Electron  bunch  is  assumed  to  be  Gaussian 
distribution  in  the  transverse  plane  and  ions  are  represented 
by  point-like  macro-particles.  In  the  simulation,  the  insta¬ 
bility  is  caused  by  the  oscillation  of  ions  bounded  in  the 
bunch  train.  Ion  species  and  yield  are  assumed  as  (70+ 
and  4  X  10  ^/fm-e).  This  yield  corresponds  to  the  pressure 
of  1  X  10~^  Pa.  Figure  6  shows  growth  of  transverse  am¬ 
plitudes,  y/Jy{x)-  Vertical  growth  is  faster  than  horizontal 
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Figure  6:  Growth  of  the  fast  ion  instability.  Blue  and  red 
lines  are  evolutions  of  mV2  for  E  =  S  GeV  and  3.5 

GeV,  respectively.  Pictures  (a)  and  (b)  depict  the  vertical 
and  horizontal  growth,  respectively. 


one.  The  growth  time  is  ~  50  and  <  10  turns  for  8  GeV  and 
3.5  GeV  cases,  respectively.  The  growth  time  of  each  en¬ 
ergy  case  is  reasonable  for  the  consideration  of  the  7  factor 
and  the  beam  line  density.  Perhaps  growth  time  of  50  turn 
is  limit  for  bunch  by  bunch  feedback  system.  Concerning 
ion  issue,  the  option  of  8  GeV  is  better. 

COHERENT  SYNCHROTRON 
RADIATION 

Bunch  lengthening  is  important  issue  for  keeping  the 
length  with  high  population.  The  threshold  of  longitudi¬ 
nal  single  bunch  instability  is  discussed  using  Keil-Schnell- 
Boussard  relation  [22].  The  impedance  threshold  value  is 


given  by 

|Z||/n|=0.66^o;^a|a,.  (2) 

where  n  =  w/wq  and  a  is  the  momentum  compaction  fac¬ 
tor.  The  threshold  of  the  impedance  Z/n  is  0.05  n  for 
present  KERB. 

Coherent  synchrotron  radiation  affects  the  bunch  length¬ 
ening  [23,  24].  The  wake  force  of  the  coherent  radiation  is 
given  by  [25,  26] 


Wo(z)  = 


2  d 

(3i?2)l/3  dz 


z-m 


(3) 


where  R  is  the  bending  radius.  The  impedance  integrated 
over  the  circumference  is  given  as 


where  A  =  3-^^^r(2/3)(V3i  -  1)  =  1.63i  -  0.94.  Since 
the  impedance  scales  as  Zjn  oc  the  Keil-Schnell- 

Boussard  criteria  gives  threshold  frequency  (wih)  of  the  in¬ 
stability, 

wthii/c  =  2.0A®/^,  (5) 

where ' 

A  =  -^ere  R 
and  .R  =  Z,/27r  =  c/wq. 

We  have  to  consider  that  lower  frequency  component  of 
the  impedance,  which  satisfies  a  condition  of  wcr^/c  <  1, 
does  not  contribute  the  instability.  The  frequency  com¬ 
ponent,  which  satisfies  wR/c  >  (7rR/26)®/2,  is  shielded 
by  the  chamber  wall,  where  h  is  the  chamber  radius  [27]. 
This  gives  another  necessary  condition  for  the  instability, 
6A/R  >  1. 

The  length  of  the  bending  magnet  should  be  remember 
to  be  short  for  LER,  Lgend  =  0-76  m  [24].  If  the  correla¬ 
tion  is  determined  by  interaction  in  a  bending  magnet,  the 
correlation  length  is  estimated  by  the  overtaking  length  for 
the  radiation. 


It  is  difficult  to  understand  whether  the  synchrotron  radia¬ 
tion  emitted  in  a  bending  magnet  affects  the  motion  in  an¬ 
other  bending  magnet.  If  it  does  not  affect,  the  wake  force 
should  be  tmncated  with  the  conrelation  length.  Otherwise, 
a  numerical  simulation  of  motion,  in  which  the  correlation 
across  bending  magnets  is  included,  should  be  performed 
[24]. 

These  values  for  KEKB  and  super  KEKB  are  summa¬ 
rized  in  Table  2. 

*The  coefficient  of  was  followed  by  Ref.[23]. 
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Table  2:  Coherent  synchrotron  radiation  effect  for  KEKB  and  Super  KEKB 


LER 

KEKB 

HER 

Super  KEKB 

LER  HER 

Ne 

7.3  X  IQi" 

5.4  X  10^“ 

1.2  X  lO^i 

5.4  X  1044 

CTz 

5  mm 

5  mm 

3.5  mm 

3.5  mm 

a 

10-^ 

O 

1 

10-4 

10-4 

7  X  10-^ 

7  X  10-4 

7  X  10-4 

7  X  10-4 

A 

1674 

2905 

4087 

4150 

^th 

2.5  X  10^2  s- 

-4  1.1  X  10^2  s-4 

8.9  X  1042  s-4 

2.2  X  1043  s-4 

42 

17 

104 

21 

bk/R 

5.1 

1.7 

11.9 

2.4 

Lbend 

0.76  m 

5.8  m 

0.76  m 

5.8  m 

^cor 

69  jxm 

1  mm 

69  /rm 

1  mm 

SUMMARY 

We  discussed  the  design  development  of  future  B  facto¬ 
ries  based  on  parameters  of  Super  KEKB  concerning  the 
three  issues  (1)  beam-beam  effect  with/without  crossing 
angle,  (2)  energy  choice,  electron  cloud  and  ion  instabil¬ 
ities,  and  (3)  coherent  synchrotron  radiation.  The  colli¬ 
sion  performance  was  improved  for  the  head-on  collision 
at  high  beam-beam  parameter  ^  >  0.05  in  our  simulations. 
Crab  cavities  make  the  condition  of  the  head-on  collision 
effectively  for  the  finite  crossing  angle  scheme  of  the  beam¬ 
line  arrangement.  The  crab  cavity  is  expected  to  boost  up 
the  luminosity.  Studies  of  the  electron  cloud  and  ion  insta¬ 
bilities  gave  information  of  energy  choice,  which  particles 
e+  or  e~  should  be  accumulated  in  high/low  energy  ring. 
In  the  present  simulation,  LER-e+  option  was  slightly  bet¬ 
ter  than  HER-e'*'  option.  Since  this  result  may  be  delicate 
for  the  electron  production  parameters,  careful  studies  are 
needed.  In  either  case,  it  is  important  to  be  cured  by  ante¬ 
chamber,  solenoids,  etc.  Coherent  synchrotron  radiation 
affects  the  bunch  lengthening  in  the  B  factories.  We  have 
to  solve  how  to  treat  the  correlation  length. 

The  author  thanks  fmitful  discussions  with  S.  Heifets, 
Y.  Ohnishi,  K.  Oide,  E.  Perevedentsev,  G.  Stupakov, 
M.  Tawada,  K.  Yokoya  and  F.  Zimmermann. 
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BUILDUP  OF  ELECTRON  CLOUD  WITH  DIFFERENT  BUNCH 
PATTERN  IN  THE  PRESENCE  OF  SOLENOID  FIELD* 
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Miguel  Furman,  LBNL,  Berkeley,  CA  94720,  USA 


Abstract 

We  have  augmented  the  code  POSINST  to  include 
solenoid  fields,  and  used  it  to  simulate  the  build  up  of 
electron  cloud  due  to  electron  multipacting  in  the  PEP-II 
positron  ring.  We  find  that  the  distribution  of  electrons  is 
strongly  affected  by  the  resonances  associated  with  the  cy¬ 
clotron  period  and  bunch  spacing.  In  addition,  we  discover 
a  threshold  beyond  which  the  electron  density  grows  expo¬ 
nentially  until  it  reaches  the  space  charge  limit.  The  thresh¬ 
old  does  not  depend  on  the  bunch  spacing  but  does  depend 
on  the  positron  bunch  population. 

INTRODUCTION 

It  is  well  established  by  many  experimental  evidences  [1, 
2]  at  KEKB  and  PEP-II  that  the  instabilities  caused  by 
electron  impose  a  severe  limitation  upon  the  luminosity 
in  e+e"  storage  rings.  Based  on  the  experiments  [1]  at 
KEKB,  there  exists  a  current  threshold  beyond  which  the 
vertical  beam  size  at  the  interaction  point  starts  to  grow  like 
oc  Np Sb,  where  Np  is  the  bunch  population  and  Sb  is 
the  spacing  between  two  sequential  bunches.  Since  Np  is 
normally  set  at  the  limit  allowed  by  the  beam-beam  inter¬ 
action,  this  observation  implies  that  Sb  cannot  be  too  small 
otherwise  the  vertical  blow-up  degrades  the  luminosity.  As 
a  result,  both  B-factories  are  currently  operated  Sb  «  2m, 
which  is  larger  than  its  design  value. 

Experimentally,  the  solenoid  field  raises  the  threshold 
of  the  blow-up  and  therefore  allows  the  increase  of  lumi¬ 
nosity.  On  the  other  hand,  we  know  from  the  simulation 
performed  by  Zimmermann  [3]  that  longitudinal  solenoid 
field  Bs  confines  the  electrons  near  the  wall  of  the  vac¬ 
uum  chamber  and  therefore  reduces  the  cloud  density  near 
the  positron  beam.  All  this  indicates  that  both  Sb  and  Bg 
play  vital  roles  in  the  physics  of  electron  cloud  instabil¬ 
ity.  In  this  paper,  we  will  study  the  dynamics  between  the 
positron  beam  and  electron  cloud  with  different  Sb  and  Bg 
to  reveal  the  physics  indicated  from  the  simulations  and  ex¬ 
periments. 

ELECTRON  MOTION 

Our  work  starts  with  implementing  longitudinal  solenoid 
field  in  th^code  POSINST  [4].  For  simplicity,  we  as¬ 
sume  that  S  is  a  constant  and  ignore  any  end  effects  of  the 
solenoid.  For  a  relativistic  electron,  the  equation  of  motion 

*  Work  supported  by  the  Department  of  Energy  under  Contract  No. 
DE-AC03-76SF0051S  and  DE-AC03-76SF00098. 


can  be  written 

^  eB 

V  =  -VX  -  =  U}XV,  (1) 

'ymc  ’ 

where  w  =  eBj ^mc  is  the  cyclotron  frequency  of  the  elec¬ 
tron.  The  solution  of  Eq.  (1)  is  a  helical  orbit  with  the  axis 
of  the  helix  parallel  to  the  magnetic  field  and  the  Larmor 
radius  r  =  vx/w.  Along  the  field,  electron  moves  in  a  con¬ 
stant  speed  W|| .  This  solution  is  programmed  in  the  code 
to  compute  the  motion  of  the  electrons  where  the  solenoid 
field  is  at  presence. 


Parameter 

Description 

Value 

E(Gev) 

beam  energy 

3.1 

C(m) 

circumference 

2200 

Np 

bunch  population 

l.OxlQii 

0(m) 

average  beta  function 

17.0 

ej:,j,(nm-rad) 

emittance  x,y 

24.0, 3.0 

<7i(cm) 

bunch  length 

1.3 

5jjjr(m) 

RF  bucket  spacing 

0.63 

^max 

.  max  secondary  yield 

2.0 

■^moar(cV) 

energy  at  yield  max 

300 

m 

yield  low  energy  el. 

0.5 

rb(cTn) 

beam  pipe  radius 

4.5 

Table  1 :  Simulation  parameters  for  the  LER  at  PEP-II 

The  parameters  used  in  the  simulation  is  tabulated  in  Ta¬ 
ble  1.  Sb  has  to  be  a  multiple  of  the  RF  spacing  Sb.f-  Np 
corresponds  to  the  value  at  the  peak  of  a  typical  fill  in  the 
recent  operation.  The  values  of  Smax,  E^ax,  and  Jo  are 
chosen  for  the  beam  pipe  of  stainless  steel  in  the  straight 
sections  where  we  have  seen  most  electrons  in  the  ring. 

BUNCH  TRAIN 

Our  simulation  focuses  on  the  electrons  accumulated 
through  the  secondary  emission  from  the  beam  pipe  in  the 
straight  sections  where  not  many  primary  electrons  should 
be  generated  because  of  lack  of  synchrotron  radiation.  In 
the  simulation,  we  generate  a  large  number  of  electrons 
only  at  the  first  bunch  passage  and  let  electron  clopd  de¬ 
velops  by  the  secondary  emission  process  until  a  saturation 
density  is  reached. 

The  bunch  pattern  used  in  the  simulation  consists  of  a 
short  train,  long  abort  gap,  and  a  long  train.  The  density 
of  electron  cloud  is  clearly  building  up  along  the  long  train 
after  the  gap  as  shown  in  Fig.  1.  Without  solenoid  field. 
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the  average  density  grows  extremely  fast  along  the  train  but 
saturates  quickly  near  twice  the  neutralization  density  pe.  = 
Np/ TTrfSi,  due  to  the  balance  between  the  space  charge  and 
second^  yield.  As  the  solenoid  field  increases,  both  the 
growth  rate  and  the  saturation  level  decrease.  At  Bs  = 
15G,  we  see  a  very  gradual  growth  of  the  density  along  the 
train  of  600  bunches.  Assuming  that  the  cloud  density  is 
proportional  to  the  vertical  beam  blow-up,  this  simulation 
may  be  used  to  explain  the  observation  of  the  very  slow 
blow-up  along  the  train  after  the  initial  installation  of  the 
solenoids  at  KERB  [1].  As  reaches  25G,  the  average 
electron  density  does  not  grow  and  is  kept  below  5%  of  pe- 
That  is  near  the  density  at  which  the  head-tail  instability 
occurs  in  the  LER  [5].  Fortunately,  the  density  near  the 
beam  drops  even  more  since  the  solenoid  field  restraints 
the  electrons  near  the  wall. 


when  a  bunch  train  passes  through  a  stainless-steel  beam 
pipe  and  longitudinal  solenoid  at  different  settings.  The 
bunch  spacing  St  =  2Siif. 


CYCLOTRON  RESONANCE 

As  Bs  increases  further,  we  find  at  40G  that  the  satura¬ 
tion  density  along  the  bunch  train  actually  become  larger 
than  the  density  without  solenoid  as  shown  in  Fig.  2.  How¬ 
ever,  with  a  close  inspection  of  the  distribution,  we  ob¬ 
served  that  nearly  all  electrons  are  confined  in  the  vicin¬ 
ity  of  the  wall.  It  is  clearly  seen  from  the  figure  that  this 
phenomenon  appears  as  a  resonance. 

Indeed,  the  result  can  be  explained  by  a  resonance  asso¬ 
ciated  with  the  cyclotron  frequency  w  and  the  bunch  spac¬ 
ing  St.  Given  the  low-energy  nature  of  the  secondary  elec¬ 
trons  (100  eV),  the  radius  of  cyclotron  motions  is  much 
smaller  than  the  radius  of  beam  pipe.  The  time  for  an  elec¬ 
tron  coming  out  of  the  wall  and  then  bending  back  by  the 
magnetic  filed  and  finally  hitting  the  wall  is  nearly  half  of 
the  cyclotron  period  Tc  =  2Tt/oj.  The  resonance  occurs 
when  this  time  coincides  with  the  time  interval  between 
two  consecutive  bunches,  namely 

Tc/2  =  St/c.  (2) 
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Figure  2:  Saturation  density  along  the  bunch  train  as  a  func¬ 
tion  of  solenoid  field.  The  bunch  spacing  St  -  2Srf. 


Since  7  «  1  for  typical  secondary  electrons,  this  reso¬ 
nance  is  almost  independent  of  the  velocities  of  electron 
and  therefore  much  stronger  than  the  resonance  occurred  in 
drift  space.  The  condition  of  cyclotron  resonance  is  given 
by 


TrmcP 


(3) 


Given  St  =  1.26m,  we  have  B^  =  40G.  That  agrees  with 
the  simulation.  In  addition,  we  can  see  from  Fig.  2  that 
minimum  density  occurs  at  Bs  =  B^/2.  If  the  bunch  spac¬ 
ing  is  increased  to  St  =  3Srf>^Srfi  B^  is  reduced  to 
30G,  20G  according  to  Eq.  (3).  Indeed,  that  is  well  con¬ 
firmed  by  the  simulation.  Moreover,  we  find  that  the  char¬ 
acters  of  dynamics  are  essentially  the  same  if  we  keep  the 
product  of  St  and  Bg  as  a  constant. 


THRESHOLD  OF  MULTIPACTING 

A  threshold  of  multipacting  was  observed[2]  between 
700mA  to  900mA  with  692  bunches  spaced  4-RF  buck¬ 
ets  at  PEP-II.  The  measurement  was  carried  out  without  or 
with  the  solenoid  field  of  30G.  To  understand  the  threshold 
mechanism,  we  run  simulations  with  the  similar  parameters 
as  in  the  experiments. 

The  results  of  the  simulation  are  shown  in  Fig  3.  It  is 
clearly  seen  from  the  figure  that  there  exists  a  threshold 
beyond  which  the  density  of  the  electron  cloud  grows  until 
it  reaches  the  saturation.  The  threshold  is  independent  of 
the  bunch  spacing  S's  if  one  retains  StBg  as  a  constant. 
Above  threshold,  the  saturated  density  is  proportional  to 
the  line  density  of  the  beam  Np/St  indicating  it  is  limited 
by  the  space  charge.  Since  the  peak  beam  current  at  PEP-II 
is  already  operated  well  above  the  threshold,  the  simulation 
predicts  that  a  two-fold  increase  of  the  electrons  when  the 
bunch  spacing  is  shorten  from  4Sfr  to  2Srf  even  if  the 
solenoid  field  is  doubled. 

The  threshold  in  the  simulation  is  about  6.5  x  10^°  com¬ 
pared  with  (4.6  -  6.0)  X  10“  in  the  observation.  Without 
solenoid,  however,  the  simulation  disagrees  with  the  obser¬ 
vation  because  the  absence  of  the  nearby  threishold  in  the 
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Figure  3:  Saturated  density  as  a  function  of  the  bunch  pop¬ 
ulation.  The  circles  represent  the  case  of  4-RF  spacing  and 
30G  solenoid  field.  The  crosses  represent  2-RF  spacing  and 
60G  field. 


simulation. 

For  an  electron  near  the  wall,  the  momentum  kick  due  to 
a  bunch  is  given  by  [4] 


Ap  ~  — 


e^Np  2 

c  n 


and  thus  the  energy  received  from  the  bunch  is 


(4) 


AE  ~ 


2m^Nlrl 

rl 


(5) 


where  Ve  is  the  classic  radius  of  electron.  If  the  electron 
reaches  the  wall  before  the  next  bunch  arrives  {Bg>  B=), 
multipacting  of  electrons  occurs  if 


AE  >  Es=i,  (6) 


where  Es=i  (typically  20-100eV)  is  the  energy  above 
which  the  secondary  yield  6  larger  than  one.  This  yields 
the  threshold  of  bunch  population 


Afth  ~ 
P  — 


n  [e^ 

re  V  2Eo  ’ 


(7) 


where  Eq  =  mc^.  In  this  simulation,  we  have  Es=i  ~  30 
eV.  Using  Eq.  (7),  we  obtain  AT*'*  ~  8.8  x  10^°  compared 
with  6.5  X  10^°  found  in  the  simulation.  Besides  reducing 
the  secondary  yield,  enlarging  the  radius  of  beam  pipe  may 
be  more  effective  way  to  increase  the  threshold  as  indicated 
in  Eq.  (7). 


MULTI-BUNCH  INSTABILITY 

As  the  solenoid  field  increases,  the  electrons  are  gradu¬ 
ally  confined  within  the  vicinity  of  the  wall.  However,  un¬ 
der  the  condition  of  cyclotron  resonance,  there  exist  even 
more  electrons  than  without  solenoid.  It  was  not  clear  if 
these  electrons  could  cause  any  instability  since  they  are  so 
far  away  from  the  beam. 


To  answer  this  question,  we  compute  the  long-range 
wake  as  a  function  of  the  solenoid  field  and  estimate  the 
growth  rate  1/t.  The  wakes  are  shown  in  Fig  4.  In  this 
simulation,  we  have  used  a  bunch  spacing  St  =  3Srf- 
Clearly  from  the  figure,  the  peak  values  of  wake  are  com¬ 
parable  at  S*  =  0  and  =  30G  (at  the  resonance).  The 
growth  time  t  =  31,9870, 145AiS  at  B^  =  0, 20, 30G  re¬ 
spectively. 


Figure  4:  Long-range  wake  function  due  to  electron  cloud 
for  bunch  spacing  Sb  =  ZSrf. 


DISCUSSION 

Based  on  the  simulation,  we  find  that  the  cyclotron  mo¬ 
tion  of  electrons  plays  important  role  in  generating  and  ac¬ 
cumulating  secondary  electrons.  When  the  resonance  con¬ 
dition  is  satisfied,  we  see  huge  amount  electrons  near  the 
wall.  Although  they  are  far  away  from  the  positron  beam, 
they  still  create  the  long-range  wake  strong  enough  to  cause 
multi-bunch  instability. 

In  addition,  if  the  solenoid  field  is  strong  enough  Bg  > 
Bg,  we  find  that  there  exists  a  threshold  for  multipacting 
under  which  there  is  no  accumulated  electrons.  This  dis¬ 
covery  may  provide  us  a  method  to  completely  eliminate 
the  electron  cloud  with  larger  enough  beam  pipe  and  lower 
enough  secondary  yield. 
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Abstract 

In  recent  high  luminosity  colliders,  the  finite  crossing 
angle  scheme  becomes  popular  to  gain  the  multiplicity  of 
luminosity  with  multi-bunch  or  long  bunch  operation.  Suc¬ 
cess  of  KEKB  showed  that  it  was  no  problem  to  achieve 
the  beam-beam  parameter  up  to  0.05.  We  have  studied 
the  beam-beam  interactions  with/without  crossing  angle  to¬ 
ward  higher  luminosity.  We  discuss  how  the  crossing  an¬ 
gle  affects  the  beam-beam  parameter  and  luminosity  in  the 
present  KEK  B  factory  (KEKB)  using  computer  simula¬ 
tions. 

INTRODUCTION 

High  luminosity  B  factories,  KEKB  and  PEP-II  are  op¬ 
erated  successfully  at  KEK  and  SLAC,  respectively.  The 
collision  scheme  in  KEKB  was  designed  so  that  two  beams 
collide  with  a  finite  crossing  angle,  2x11  mrad,  by  2  ns 
repetition.  While  head-on  collision  scheme  was  adopted 
in  PEP-II  by  4  ns  repetition.  Crossing  angle  makes  easy  a 
design  of  interaction  region  for  the  narrow  bunch  spacing. 
However  the  crossing  collision  scheme  had  been  consid¬ 
ered  to  be  a  taboo,  since  the  unsuccessful  experience  of 
DORIS  in  DESY.  In  KEK,  many  studies  were  performed 
to  decide  the  adoption  of  the  crossing  collision  scheme 
[1,  2,  3].  KEKB  and  PEP-II  have  achieved  luminosities  of 
1.06  X  10^^  and  0.61  x  10^'^  cm~^s~^,  respectively  at  May 
of  2003.  Such  high  luminosities  were  not  believed  to  be  re¬ 
alized  when  their  design  works  had  started.  In  recent  high 
luminosity  colliders,  the  crossing  angle  scheme  becomes 
popular  to  gain  the  high  repetition  of  the  luminosity. 

The  luminosities  are  achieved  by  a  high  repetition  fre¬ 
quency,  which  is  1/3  ~  1/4  of  the  design.  The  bunches 
spacing,  which  is  inverse  of  the  repetition  frequency,  is  8-6 
ns  and  6  ns  for  KEKB  and  PEP-II,  respectively.  Narrower 
bunch  spacing  does  not  contribute  the  luminosity  perhaps 
due  to  the  electron  cloud  effect  in  both  of  the  machines. 
The  operating  tune  is  just  slightly  upper  of  half  integer  in 
horizontal,  and  is  optimized  around  0.54-0.56  in  vertical. 

We  review  the  crossing  collision  scheme  in  the  point  of 
view  of  progress  toward  higher  luminosity. 

FORMALISM  OF  COLLISION  WITH 
CROSSING  ANGLE 

We  discuss  the  beam-beam  effects  with/without  cross¬ 
ing  angle  using  computer  simulations.  The  collision  with 
crossing  angle  is  treated  by  Lorenz  boost  to  a  head-on 
frame  from  the  laboratory  frame  [1,  2]:  i.e.,  particles  in 
the  beam  are  transferred  to  the  head  on  frame,  experience 


the  collision,  and  are  transferred  to  laboratory  frame  by  the 
inverse  of  the  Lorenz  boost.  The  transformation  is  given 
for  a  half  crossing  angle  6  by 


X*  =  tanSz -I-  ^1  +  ^sin0^  x 

y*  =  y  +  s\T\6^x 
Pi 

.  2  H*  .  . 

z  =  - - - —  sm  6x 

cos  6  pI 

,  Px  —  tan  BH 

~  cosB 
*  ^  _P^ 

^  cos  9 

P*z  —  Pz  -  tan  6px  +  tan^  9H, 


(1) 


where 


H  =  {l+pz)  -  J{\+PzY -pl-pl 


Ps  = 

A  star  designates  a  dynamical  variable  in  the  head-on 
frame.  Note  that  the  x*  and  y*  axes  are  defined  in  the  same 
direction  for  both  beams,  while  the  s*  axis  is  defined  in 
opposite  directions,  since  the  two  beams  travel  in  opposite 
directions. 

The  linear  part  of  the  transformation  is  expressed  by  a 
matrix 


1  0  0  0  tan0  0  '' 

0  1/  cos  9  0  0  0  0 

0  0  1  0  0  0 

0  0  0  l/cos0  0  0 

0  0  0  0  l/cos6  0 

0  tan0  0  0  0  1  y 

(2) 

This  transformation  is  not  symplectic:  the  determinant 
of  the  Jacobian  matrix  of  the  transformation  is  not  1,  but 
cos~^  9.  The  fact  is  due  to  that  Lorenz  transformation  is 
not  symplectic  for  the  accelerator  coordinate,  because  the 
Hamiltonian  is  divided  by  a  reference  momentum. 

The  transformation  and  its  inverse  are  performed  before 
and  after  the  beam-beam  interaction,  respectively.  If  we 
consider  only  linear  part,  the  revolution  matrix  is  expressed 
by 

^crs^arc^crs'  (2) 

where  Marc  is  the  transfer  matrix  of  arc  section.  For 
small  9,  the  revolution  inatrix  is  equivalent  to  that  with  z- 
dependent  dispersion  Cx  =  9  [4]  at  the  interaction  point. 


0-7803-773  8-9/03/$  17.00  ©  2003  TREE 


353 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


s  =  s*.  The  beam  envelope  has  (a:^)  oc  (^is)  in  the  head- 
on  frame. 

Crab  cavities  create  a  z-dependent  dispersion  Ci,cra6(s). 
Controlling  (x,crab(s*)  at  the  interaction  point  using  the 
crab  cavities,  the  effective  crossing  angle,  which  the  beam 
experiences,  can  be  chosen  arbitrary.  Head-on  collision  of 
the  beams  with  (xz)  =  0  is  realized  by  Ci, craft  =  -0  ef¬ 
fectively. 

We  use  two  simulation  models,  weak  strong  and  strong- 
strong  models,  to  study  the  beam-beam  interactions.  In  the 
weak-strong  model,  one  beam  is  fixed  Gaussian  distribu¬ 
tion  in  the  six  dimensional  phase  space,  while  the  other 
beam  is  represented  by  macro-particles.  Macro-particles 
are  transferred  from  the  laboratory  frame  to  the  head-on 
one  using  Eq.(2).  The  beam  envelope  of  the  strong  beam  is 
transferred  by 

(4) 

In  the  strong-strong  model,  both  of  the  beams  are  repre¬ 
sented  by  macro-particles,  which  can  have  an  arbitrary  dis¬ 
tribution.  The  beam-beam  force  is  estimated  by  the  particle 
in  cell  method  [5].  Macro-particles  of  the  both  beams  are 
transferred  by  Eq.(2). 

We  now  consider  collision  of  two  beams  in  the  head-on 
frame.  The  beam  has  longitudinal  structure,  bunch  length. 
The  simulation  has  to  take  into  account  of  the  longitudi¬ 
nal  dynamics:  bunch  length  and  synchrotron  motion.  In 
the  weak-strong  simulation,  we  obeyed  a  method  written 
in  Ref.  [6],  so-called  the  synchro-beam  map.  The  tar¬ 
get  bunch,  which  is  6-D  fixed  Gaussian  distribution,  is  di¬ 
vided  into  several  longitudinal  slices,  and  collision  between 
a  slice  and  particle  in  the  weak  beam  is  calculated.  The  col¬ 
lision  point  of  a  slice  (zj)  and  the  particle  (z)  is 


s  =  z-Zj  (5) 

Beam  envelope  of  the  slice  is  transferred  to  the  collision 
point  by 


fl(s(z))  =  T(s(z),0)fl(0)r‘(s(z),0).  (6) 

Particles  are  translated 


®(s(z))  =  T(s(z))x(0)  =  exp 


(Pi  +pI)s{z) 
2 


05(0) 


(7) 

The  beam  envelope  is  a  function  of  z,  therefore  the  beam- 
beam  force  have  a  longitudinal  kick. 

In  the  strong-strong  simulation,  similar  method  is  used 
[7].  If  we  estimate  collision  between  slice  by  slice  at 
®  =  (^i  ~  •2^j)/2,  20-30  slices  are  needed  depending  on 
the  beam  intensity  and  the  Computation  time  is  too  long 
[8,  9,  10].  Two  dimensional  potential,  which  determines 
the  beam-beam  force,  is  estimated  at  a  collision  point  front 
(s/  =  i^i,f  -  Zj)/2)  and  back  (sb  =  (zi,6  -  Zj)/2)  face  of 
the  (i-th)  slice  containing  the  particle.  The  potential  of  the 
target  slice  <f>{s)  is  transferred  to  the  collision  point  of  the 
particle  by  a  linear  interpolation. 


4>j{s) 


^j{Sf)  -  <l>j{sb) 

Sf  -  Sb 


(s  -  Sb). 


(8) 


An  energy  change  proportional  to  d<^/dz,  which  is  caused 
by  the  interaction  depending  on  z,  is  included  in  the  simu¬ 
lation. 

We  divided  a  bunch  into  5  to  10  slices.  The  number 
of  slice  required  depends  on  the  beam-beam  parameter: 
i.e.,  higher  beam-beam  parameter  requires  more  number 
of  slices.  In  our  parameter  region,  the  simulation  results 
converged  the  number  of  slice. 


SIMULATION  RESULTS 


We  studied  the  effect  of  crossing  angle  on  the  beam- 
beam  parameter  and  luminosity  for  the  machine  parame¬ 
ters  as  is  shown  in  Table  1.  In  the  weak-strong  simulation, 
100  macro-particles  are  tracked  up  to  40,000  turns  (lOr), 
and  the  luminosity  was  calculated  by  averaging  it  during 
20,000  through  40,000  turns.  In  the  strong-strong  simu¬ 
lation,  100,000  macro-particles  are  tracked  up  to  20,000 
turns.  The  luminosity  was  given  by  that  calculated  at  the 
last  turn.  The  bunch  population  of  electrons  (N-)  in  the 
high  energy  ring  (HER)  is  scanned  1  x  10^“  to  1.2  x  10^^ 
The  transparency  condition  was  kept  as  =  Ar_7_  to 
avoid  complex  behavior  for  unbalance  of  the  beams.  The 
beam-beam  parameter  was  calculated  by  the  luminosity. 


c  ^  2re/?y  L 


(9) 


where  the  reduction  factor  of  the  luminosity  and  the  beam- 
beam  parameter  is  approximated  to  be  the  same. 


Table  1:  Basic  parameters  of  KEKB 


HER  LER 

c 

3016m 

E 

8  GeV  3.5  GeV 

pxt  Py 

60  cm  /  7  mm 

^xf^y 

18nm/0.18nm 

<^z 

7.  mm 

Vxl^ylVs 

0.515/0.565/0.02 

Txyl'i  b 

4,000  turn  4,000  turn 

0c 

0  ~  2  X  1 1  mrad 

Fig.  1  shows  the  relation  of  the  beam-beam  parameter 
C  and  the  bunch  population  for  head-on  and  crossing  col¬ 
lision  with  a  half  crossing  angle  of  1 1  mrad.  The  result  of 
the  head-on  collision  is  considered  to  be  the  same  as  that  of 
the  crossing  collision  with  crab  cavities  set  as  Cx.cr-s  =  -0- 
Pictures  (a)  and  (b)  were  obtained  by  the  weak-strong  and 
strong-strong  simulations,  respectively.  The  beam-beam 
parameters  for  the  head-on  collision  is  remarkable  higher 
than  that  for  the  crossing  collision  in  both  of  the  simu¬ 
lation.  The  beam-beam  parameter  ^  is  linearly  increase 
up  to  over  0.2  in  the  weak  strong  simulation,  while  ^  is 
saturated  around  0.1-0.12  in  the  strong-strong  simulation. 
The  beam-beam  limit  is  0.1  or  >  0.2  for  the  head-on  colli¬ 
sion.  There  is  somewhat  difference  of  the  beam-beam  limit 
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for  the  weak-strong  and  the  strong-strong  simulation.  ^  at 
crossing  collision  is  similar  behavior  for  the  both  of  two 
simulations:  that  is,  ^  is  saturated  around  0.06. 


Figure  1:  Beam-beam  parameters  obtained  by  weak-strong 
and  strong-strong  simulations. 


Fig.  2  shows  luminosity  for  various  crossing  angle.  The 
geometrical  luminosity,  which  is  also  plotted  in  the  figure, 
has  loose  dependence  for  the  crossing  angle.  The  simu¬ 
lated  luminosity  is  peak  stmcture  near  zero-crossing  angle 
for  the  simulations.  The  peak  structure  of  the  strong-strong 
simulation  is  narrower  than  that  of  the  weak-strong  simu¬ 
lation. 


t(trtfad) 


Figure  2:  Beam-beam  parameters  v.s.  crossing  angle. 
Three  points. 


The  horizontal  tune  is  chosen  to  be  slightly  upper  of  a 
half  integer  in  KEKB.  The  beam-beam  behavior  depends 
on  the  tune  value.  Fig.  3  shows  beam-beam  parameter  for 
various  horizontal  tune  given  by  the  weak-strong  simula¬ 
tion.  The  beam-beam  parameter  decreases  for  separating 
from  the  half  integer.  The  figure  shows  that  the  extremely 
high  beam-beam  parameter  ~  0.2  is  achieved  at  the  tune 
closed  to  a  half  integer. 


nx 


Figure  3:  Beam-beam  parameter  v.s.  horizontal  tune  for 
various  positron  current  at  Vy  =  0.565. 


CONCLUSION 

We  studied  beam-beam  effect  with/without  crossing  an¬ 
gle  using  weak-strong  and  strong-strong  simulations.  The 
beam-beam  parameter  (^)  linearly  increased  more  than  0.2 
for  the  current  in  the  weak-strong  simulation  and  was  satu¬ 
rated  at  ~  0.1  in  the  strong-strong  simulation  in  the  head- 
on  collision.  While  ^  was  saturated  at  around  0.06  for 
a  finite  crossing  angle  in  both  of  the  simulations.  In  either 
case,  the  beam-beam  parameter  for  the  head-on  collision  is 
much  better  than  that  with  the  crossing  angle.  Crab  cavi¬ 
ties,  which  realize  the  head-on  collision  effectively,  can  be 
expected  to  upgrade  the  luminosity  twice  or  four  times. 

The  luminosity  is  degraded  by  various  reasons,  for  ex¬ 
ample,  orbit  and  optics  errors  [11].  The  crossing  angle  is 
a  kind  of  optics  error,  z  dependent  dispersion  (i^),  at  the 
collision  point.  When  a  source  which  degrades  the  lumi¬ 
nosity  exists,  the  two  type  of  simulations,  weak-strong  and 
strong-strong,  give  similar  results. 

We  have  to  know  the  beam-beam  parameters  for  the  case 
that  all  of  sources  of  degradation  are  removed.  There  is 
difference  for  the  beam-beam  limit  between  the  two  type 
of  simulations.  We  do  not  know  whether  the  weak-strong 
model  is  reliable  to  estimate  the  beam-beam  limit,  while 
unphysical  numerical  noises,  which  are  contained  in  the 
PIC  algorithm  or  longitudinal  slicing,  may  degrade  for  the 
strong-strong  simulation  at  a  high  current.  Tune  operating 
point  is  essentia]  for  the  high  beam-beam  parameter.  We 
do  not  discard  the  possibility  of  the  very  high  beam-beam 
parameter,  ~  0.2,  obtained  by  the  weak-strong  simulation, 
though  more  studies  are  required. 

The  authors  thank  members  of  KEKB  commissioning 
group  for  fruitful  discussions. 
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fflGH  mXENSITY  ISSUES  FOR  SUPER  B-FACTORIES 


K.  Akai,  KEK,Tsukuba,  Japan 


Abstract 

The  present  B-factories,  KERB  and  PEP-II,  have 
achieved  or  exceeded  their  design  luminosities.  A  lumi¬ 
nosity  of  10®^  cm“^  s“^  has  become  a  reality.  As  upgrad¬ 
ing  of  these  machines  to  increase  the  luminosity  further 
by  ten  times  or  more  to  extend  the  physics  coverage.  Su¬ 
per  B-factories  are  being  considered.  Beam  current  should 
be  about  10  A  in  the  Low  Energy  Ring  (LER)  and  4  A  in 
the  High  Energy  Ring  (HER),  or  even  much  higher,  with  a 
short  bunch  length  of  about  3  mm.  It  is  very  challenging 
for  various  hardware  components,  especially  for  RF  sys¬ 
tem  and  beam-line  vacuum  components,  to  store  such  an 
extremely  high  beam  current.  Crab  crossing  is  also  consid¬ 
ered  to  drastically  increase  the  beam-beam  tune  shift  limit, 
that  results  in  a  further  increase  of  the  luminosity.  In  this 
paper,  high  intensity  issues  for  the  Super  B-factories  are 
discussed. 

INTRODUCTION 

KERB  and  PEP-II  are  asymmetric-energy,  double-ring, 
electron-positron  colliders  aimed  at  producing  B  and  anti- 
B  mesons  at  high  rate  as  in  factories.  They  were  commis¬ 
sioned  in  1998  and  have  been  operating  for  physics  exper¬ 
iment.  Their  performances  have  been  improving  steadily 
and  already  achieved  or  exceeded  their  design  luminosi¬ 
ties:  RERB  and  PEP-II  achieved  remarkable  luminosities 
of  1.03x  10^^  cm~^  s~^  [1]  and  6.1  x  10^®  cm“^  [2], 
respectively.  Integrated  luminosity  of  1  fb“Ms  obtained 
within  only  two  or  three  days  of  operation.  The  accumu¬ 
lated  physics  data  in  RERB  and  PEP-II  had  produced  the 
discovery  of  CP  violation  in  B  and  anti-B  meson  system. 

Common  features  of  the  B-factories  to  realize  the  high 
luminosity  include  high  beam  current  of  about  2  A  in  LER 
and  1  A  in  HER,  small  ,8*  at  the  interaction  point  (IP)  and 
a  short  bunch  length.  Major  differences  between  them  in¬ 
clude  crossing  scheme  at  the  IP  and  the  type  of  RF  cavi¬ 
ties.  RERB  has  adopted  a  finite-angle  crossing  scheme  at 
an  angle  of  ±  11  mrad,  whereas  PEP-II  adopted  head-on 
collision  using  separation  dipole  magnets.  The  RF  cavities 
will  be  discussed  in  detail  later. 

Recently,  there  is  increasing  physics  motivation  for  up¬ 
grading  the  B-factories  to  increase  the  luminosity  by  one  or 
two  orders  of  magnitude  to  reach  10^®  or  even  10®®  cm“® 
s“^.  Design  works  for  Super-RERB  and  Super  PEP-II  are 
going  on.  The  major  upgrading  to  Super-RERB  is  consid¬ 
ered  in  2006  to  2007  so  as  not  to  lose  its  competitiveness 
to  LHC-B  and  BTeV.  In  order  to  realize  such  an  extremely 
high  luminosity,  the  beam  current  should  be  increased  to 
about  10  A  or  even  20  A  with  a  very  short  bunch  length  of 
3  mm.  In  addition,  according  to  recent  beam-beam  simu¬ 


lations,  the  crab  crossing  is  expected  to  drastically  increase 
the  beam-beam  tune  shift  limit,  that  results  in  a  further  in¬ 
crease  of  the  luminosity. 

In  this  paper,  we  discuss  issues  related  to  the  extremely 
high  beam  current  in  the  Super  B-factories.  In  particular, 
requirements  and  possible  solutions  for  the  hardware  com¬ 
ponents  such  as  RF  system  and  beam-line  vacuum  compo¬ 
nents  are  described.  Some  of  the  operating  experiences  of 
the  present  B-factories  are  also  given.  In  addition,  a  possi¬ 
ble  crab  crossing  scheme  is  proposed. 

HIGH  CURRENT  BEAM 

Table  1  shows  major  beam  parameters  currently  oper¬ 
ating  in  RERB  and  the  design  values  of  Super-RERB  for 
the  luminosity  of  10®®  cm-^s'i.  It  is  expected  that  the  lu¬ 
minosity  further  increases  by  several  times  with  the  same 
beam  current  if  the  crab  crossing  scheme  is  adopted.  A 
much  higher  luminosity  of  10®®  cm-^s-i  is  also  consid¬ 
ered  with  a  beam  current  of  about  20  A  in  LER  and  8  A  in 
HER  together  with  the  crab  crossing. 


Table  1:  Major  beam  parameters  currently  operating  in 

RERB  and  the  design  values  of  Super-RERB  for  10®® 
—  •>  —1 
cm  ^ 


KERB 
LER  HER 

Super-KEKB 
LER  HER 

Particles 

e+ 

e“ 

e~ 

Beam  energy  (GeV) 

3.5 

8.0 

3.5  8.0 

Beam  current  (A) 

1.41 

1.06 

9.4  4.1 

Circumference  (m) 

3016 

3016 

No.  of  bunches 

1284 

5120 

Bunch  spacing  (m) 

2.4 

0.6 

Crossing  angle  (mrad) 

±11 

±15 

RF  voltage  (MV) 

8.0 

13.0 

14.0  23.0 

Px  at  IP  (cm) 

59 

58 

30  30 

Py  at  IP  (cm) 

0.58 

0.7 

0.3  0.3 

Bunch  length  (mm) 

6~7 

6~7 

3  3 

Beam  power  (MW) 

2.5 

3.7 

18.3  16.0 

(radiation  loss) 

(11.3)  (14.3) 

(parasitic  loss) 

(7.0)+  (1.7)++ 

Luminosity  (/cm®s) 

1.03  X  10®4 

lx  10®® 

Total  loss  factor  is  assumed  40+  and  50  ++  V/pC. 


The  high  beam  current  immediately  results  in  following 
considerations.  Although  they  were  also  important  in  the 
B-factories,  much  more  attentions  and  measures  are  needed 
for  the  Super  B-factories. 
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•  Coupled-bunch  instabilities:  The  growth  rate  is  pro¬ 
portional  to  the  beam  current.  Any  higher-order  mode 
(HOM)  impedance  in  cavities  or  other  beam-line  com¬ 
ponents  should  be  sufficiently  reduced.  Instabilities 
caused  by  other  sources  such  as  the  resistive  wall, 
fast-ion  and  photo-electron  cloud  also  need  to  be  sup¬ 
pressed.  A  powerful  bunch-by-bunch  feedback  sys¬ 
tem  is  inevitable. 

•  Heating  and  other  problems:  Beam-line  components 
are  exposed  to  strong  HOM,  synchrotron  radiation, 
and  even  the  intense  beam  itself.  They  can  be  dam¬ 
aged  by  heating,  discharge  or  even  direct  hit  of  the 
beams.  They  must  be  robust  and  low-impedance. 

•  Impedance  budget:  The  total  loss  factor  and  the  imag¬ 
inary  part  of  the  impedance  in  the  ring  should  be 
kept  as  low  as  possible,  especially  for  the  short  bunch 
length.  , 

•  Large  RF  power  and  heavy  beam-loading:  A  large 
amount  of  power  lost  by  the  beam  should  be  com¬ 
pensated  by  the  RF  system.  On  the  other  hand,  re¬ 
quired  RF  voltage  is  relatively  low,  regardless  of  the 
high  beam  current.  As  a  consequence,  a  large  amount 
of  power  should  be  provided  by  each  cavity.  High- 
power  RF  components  should  be  stably  operated  at 
about  one  MW.  The  heavy  beam-loading  also  needs 
careful  design  of  the  control  system  for  the  accelerat¬ 
ing  mode. 

RF  SYSTEM 

Two  types  of  cavities  are  used  in  KEKB:  Accelerator 
Resonantly  coupled  with  Energy  Storage  (ARES)  [3]  and 
single-cell  superconducting  cavities  (SCC)  [4].  The  ARES 
alone  is  used  in  LER  and  a  combination  of  ARES  and  SCC 
is  adopted  in  HER.  The  RF  system  has  been  operating  sta¬ 
bly.  It  is  expected  that  it  can  be  used  with  a  beam  current 
of  up  to  about  10  A  in  LER  and  4  A  in  HER  of  Super- 
KEKB,  if  following  improvements  and  changes  are  made. 
This  strategy  helps  greatly  reduce  the  construction  cost  for 
the  upgrading. 

•  The  impedance  at  driving  frequencies  associated  with 
the  accelerating  mode  of  cavities  should  be  much 
more  reduced  by  a  strong  feedback  system,  even  with 
the  ARES  and  SCC. 

•  The  HOM  dampers  should  be  improved  to  absorb  a 
large  amount  of  HOM  power  of  up  to  100  kW/cavity 
generated  in  the  cavity. 

•  The  number  of  RF  stations  and  the  beam  power  pro¬ 
vided  by  each  cavity  should  be  increased  to  meet  the 
large  amount  of  total  beam  power,  four  times  as  high 
as  that  of  KEKB. 

•  Other  small  changes  are  reducing  the  loaded-Q  values 
of  the  accelerating  mode,  eliminating  tapers  outside 
the  cavity  to  reduce  the  loss  factor,  and  so  on. 

The  RF-related  parameters  are  shown  in  Table  2.  More 
details  are  discussed  below. 


Table  2:  RF  parameters  for  Super-KEKB 


Super-KEKB 

LER  HER 

Beam  current  (A) 

9.4 

4.1 

Beam  power  (MW) 

18.3 

16.0 

RF  voltage  (MV) 

14.0 

23.0 

RF  frequency  (MHz) 

508.887 

Revolution  freq.  (kHz) 

99.4 

TVpe  of  cavities 

ARES 

ARES+SCC 

No.  of  cavities 

28 

16+12 

Voltage/cav.  (MV) 

0.5 

0.5/1 .3 

Detuning  (kHz) 

71 

31/74 

No.  of  cav./klystron 

1 

1/1 

No.  of  klystrons 

28 

16+12 

Klystron  power  (kW) 

850 

850/480 

AC  power  (MW) 

40 

23+10 

Instability  Driven  by  the  Accelerating  Mode 

Growth  rate  and  cures  In  storage  rings,  the  resonant 
frequency  of  the  cavities  should  be  detuned  toward  the 
lower  side  in  order  to  compensate  for  the  reactive  compo¬ 
nent  of  the  beam  loading.  The  detuning  frequency  (A/)  is 
given  by 


I  sin  <j)s 


X 


f  R'\  f  _  Pbt&n(i>s 

\q)^~  A-kU 


(1) 


where  f  is  the  RF  frequency,  I  the  beam  current,  <l>s  the 
synchronous  phase,  Vc  the  cavity  voltage,  Pb  the  power 
to  the  beam,  and  U  the  stored  energy  in  the  cavity.  For 
the  B-factories,  A/  can  be  comparable  to,  or  even  exceed 
the  revolution  frequency,  due  to  the  large  beam  current  and 
small  revolution  frequency  (large  circumference  ring).  The 
coupling  impedance  at  the  driving  frequencies,  the  upper 
synchrotron  sideband  of  revolution  harmonic  frequencies, 
becomes  significantly  high  due  to  the  high  impedance  of 
the  accelerating  mode.  A  key  issue  for  the  RF  system  of 
the  B-  and  Super  B-factories  is  how  to  avoid  the  longitudi¬ 
nal  coupled-bunch  instability  caused  by  the  large  detuning 
of  the  cavities. 

KEKB  and  PEP-II  have  taken  different  strategies  to  solve 
the  problem.  As  seen  in  Eq.  1,  A/  is  reduced  by  increas¬ 
ing  the  stored  energy  U  or  the  accelerating  voltage  Vc-  The 
ARES  used  in  KEKB  is  a  normal-conducting  three-cavity 
system  where  an  energy-storage  cavity  operating  in  a  high- 
Q  mode  is  coupled  with  an  accelerating  cavity  via  a  cou¬ 
pling  cavity  in  between.  And  the  SCC  is  operated  at  a 
high  accelerating  voltage.  The  stored  energy  in  the  ARES 
and  SCC  is  about  ten  times  as  high  as  that  in  conventional 
normal-conducting  cavities.  Thus  the  detuning  frequency 
is  reduced  by  a  factor  of  ten. 

In  PEP  II,  conventional  normal-conducting  cavities  are 
used  and  the  detuning  frequency  exceeds  the  revolution  fre¬ 
quency.  PEP-II  relies  on  a  combination  of  feedback  loops 
to  reduce  the  impedance  at  the  driving  frequencies:  a  direct 
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loop,  a  comb  filter  loop,  and  a  bunch-by-bunch  feedback 
system. 

Operation  in  B-factories  There  is  a  sufficient  margin 
for  the  stability  threshold  in  HER  of  KERB:  no  instability 
has  been  observed  up  to  the  design  beam  current  of  1.1  A. 
In  LER  of  KERB,  on  the  other  hand,  even  with  the  ARES 
cavities,  suppression  of  the  instability  is  marginal  at  the  de¬ 
sign  beam  current  of  2.6  A.  The  threshold  current  is  even 
reduced  due  to  the  lower  operating  RE  voltage  than  the  de¬ 
sign  value  to  avoid  excessive  HOM  heating  at  several  vac¬ 
uum  components.  Consequently,  the  -1  mode  damper  is 
needed  to  store  a  beam  of  more  than  1  A,  although  the  re¬ 
quired  reduction  of  the  impedance  is  about  15  dB  and  it 
is  sufficient  to  apply  it  to  only  one  RF  station  among  ten 
stations. 

In  PEP-II,  it  was  observed  that  the  growth  rate  is  higher 
than  expected  and  the  margin  for  stable  operation  with  var¬ 
ious  errors  is  relatively  small  with  high  beam  current.  One 
reason  is  deterioration  of  the  feedback  property  due  to  sat¬ 
uration  of  klystron  output  power.  The  operating  beam  cur¬ 
rent  is  sometimes  limited  by  RF  trips  caused  by  the  unsta¬ 
ble  feedback  loops  [5]. 

Super  B-factory  case  In  the  case  of  Super-RERB, 
even  with  the  ARES  and/or  SCC,  the  detuning  frequency 
becomes  close  to  the  revolution  frequency.  The  growth  rate 
of  the  -1  mode  will  be  much  higher  than  the  case  of  RERB 
and  much  more  impedance  reduction  is  required.  A  pow¬ 
erful  feedback  system  with  comb  filters  is  inevitable,  al¬ 
though  the  number  of  modes  that  need  to  be  cured  is  much 
less  than  the  case  of  conventional  cavities. 

Bunch-Gap  Transient 

A  part  of  the  ring  is  reserved  as  an  abort  gap  where 
no  bunch  is  filled  to  allow  for  a  rise  time  of  the  beam 
abort  kicker.  The  abort  gap  also  works  as  an  ion-clearing 
or  photo-electron  clearing  gap  in  the  electron  or  positron 
ring,  respectively.  The  gap  length  of  RERB  is  about 
0.5  fisec,  that  is  5%  of  the  ring  circumference.  The  bunch 
gap,  however,  modulates  the  longitudinal  position  of  the 
bunches,  since  the  beam-loading  effect  is  different  between 
the  bunch  train  and  the  gap.  A  large  phase  modulation  can 
affect  the  RF  system  such  as  modulating  the  RF  power  and 
phase  and  deteriorating  the  performance  of  the  feedback 
loops.  In  addition,  the  luminosity  can  be  reduced  by  differ¬ 
ent  phase  modulation  between  the  two  rings. 

In  order  to  avoid  the  harmful  effects,  it  is  desired  that 
the  phase  modulation  is  kept  less  than  several  degrees.  The 
high  stored  energy  of  the  ARES  and  SCC  is  also  benefi¬ 
cial  to  reduce  the  phase  modulation,  since  it  is  inversely 
proportional  to  the  stored  energy.  Even  so,  the  gap  length 
should  be  reduced  to  less  than  0.2  /isec.  Otherwise,  the 
phase  modulation  will  be  unacceptable.  A  faster  rise  time 
of  the  abort  kicker  is  required. 


HOM  Damping 

The  accelerating  cavity  of  the  ARES  in  RERB  and  the 
PEP-II  cavity  have  waveguides  to  extract  and  damp  the 
HOM’s  generated  in  the  cavities.  The  SCC  in  RERB 
adopted  a  beam-pipe  damping  scheme,  where  ferrite  ab¬ 
sorbers  are  attached  inside  the  beam  pipe  on  both  sides  of 
the  cavity. 

To  use  the  ARES  and  SCC  in  Super-RERB,  followings 
should  be  taken  into  account.  First,  the  HOM  power  per 
cavity  is  estimated  to  be  about  100  kW  and  50  kW  in  LER 
and  HER,  respectively,  which  is  beyond  the  capacity  of  the 
present  HOM  absorbers.  The  HOM  dampers  must  be  im¬ 
proved  to  meet  the  requirement.  Second,  the  growth  rate 
of  the  instability  is  increased  due  to  the  higher  beam  cur¬ 
rent.  A  longitudinal  bunch-by-bunch  feedback  is  required, 
which  is  not  necessary  in  RERB.  The  growth  time  of  trans¬ 
verse  instability  is  about  3  ms  and  it  can  be  cured  by  the 
present  bunch-by-bunch  feedback  system. 

BEAM-LINE  COMPONENTS 

In  the  operation  of  RERB  and  PEP-II,  several  beam-line 
components  have  suffered  from  various  kinds  of  troubles 
caused  by  the  high  current  beam.  A  lot  of  efforts  have  been 
made  to  solve  the  problems;  the  improvements  allow  us 
now  to  store  a  beam  of  1~2  A  stably.  This  kind  of  ef¬ 
forts,  however,  would  continue  whenever  the  beam  current 
is  pushed  to  higher  values.  It  provides  us  with  useful  infor¬ 
mation  also  for  the  Super  B-factories  to  review  the  troubles 
and  cures  taken  in  the  B-factories.  Some  of  the  experiences 
in  RERB  are  presented  below. 

Movable  Masks 

Movable  masks  are  used  to  block  particles  out  of  normal 
orbit  in  order  to  reduce  background  noise  on  the  physics 
detector  and  to  avoid  any  damage  on  the  detector  and  other 
hardware  components  caused  by  the  abnormal  beam. 

Early  versions  of  the  movable  masks  in  RERB  have 
mask-heads  protruded  inside  the  chamber.  They  had  vari¬ 
ous  kinds  of  troubles:  vacuum  leaks  occurred  several  times 
due  to  heating  or  discharge.  In  addition,  coupled-bunch  in¬ 
stability  was  excited  at  several  hundred  mA.  Most  of  them 
are  caused  by  trapped  HOM  in  the  masks.  Although  they 
were  improved  to  some  extent  by  attaching  HOM  absorbers 
that  reduces  the  Q-value  of  the  trapped  HOM,  it  is  hardly 
expected  to  be  able  to  be  used  with  much  higher  beam  cur¬ 
rent. 

They  have  been  replaced  with  a  moving-chamber  type  of 
the  masks  similar  as  those  used  in  PEP-II.  The  amount  of 
HOM  power  is  reduced  and  is  not  trapped.  The  masks  of 
this  type  have  been  operating  well.  Otoe  problem  encoun¬ 
tered  is  heating  of  the  bellows  on  both  sides  of  the  masks 
caused  by  TE-like  HOM  generated  at  the  bending  region 
around  the  mask-head.  Two  measures  have  been  taken: 
one  is  to  reduce  the  bending  angle  to  have  more  smooth 
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transition,  and  the  other  is  to  install  HOM  dampers  that  se¬ 
lectively  damp  the  TE  mode  propagating  along  the  cham¬ 
ber.  The  improved  mask  is  expected  to  withstand  a  beam  of 
several  amperes.  More  details  are  presented  elsewhere  [6]. 

Bellows  and  Other  Components 

Bellows  had  serious  troubles  several  times.  In  most 
cases,  finger  contacts  for  RF  shielding  are  damaged  due 
to  discharge  caused  by  HOM  or  synchrotron  radiation.  In 
particular,  the  TE-like  HOM  generated  near  the  masks  or 
other  non-symmetric  structures  is  harmful,  since  the  slits 
between  the  fingers  are  located  longitudinally.  It  would  be 
the  best  solution  if  a  bellowsless  system  is  possible,  where 
all  adjacent  vacuum  chambers  are  welded  to  each  other. 
Alternatively,  a  new  type  of  bellows  is  being  considered.  It 
has  a  comb  stmcture  connection  for  the  RF  shield,  instead 
of  the  RF  shield  fingers  [6].  It  is  expected  to  reduce  the  loss 
factor  and  to  avoid  multipactoring. 

Some  other  problems  related  to  the  high  current  beam 
encountered  in  KERB  are  listed  below. 

•  Heating  of  chambers  and  radiation  masks  near  the  in¬ 
teraction  region  caused  by  radiation  and/or  HOM. 

•  Abnormal  heating  of  Beryllium  beam  pipe  of  the  Belle 
detector  due  to  a  resonant  build-up  of  HOM  trapped 
between  two  radiation  masks. 

•  Troubles  on  strip  line  electrodes  of  feedback  kickers 
caused  by  discharge  and/or  thermal  stress. 

Damage  by  Unstable  Beam 

In  KERB,  an  unstable  beam  sometimes  caused  a  large 
effect  on  the  beam-line  hardware  components.  The  most 
serious  problem  was  damage  of  the  head  of  movable  masks. 
Grooves  or  protrusions  were  generated  on  the  surface  of 
the  mask  head,  which  prevented  the  beam  injection  and 
storage.  Another  problem  was  a  large  amount  of  radiation 
hitting  the  Silicon  Vertex  Detector  of  the  Belle  detector. 
The  worst  case  was  5  kRad  at  one  time.  Since  its  perfor¬ 
mance  can  be  degraded  with  an  accumulated  dose  of  about 
500  kRad,  this  is  also  a  serious  problem  for  a  long-term 
operation. 

It  was  found  that  they  were  caused  by  an  unstable  beam 
due  to  RF  trips.  The  longitudinal  phase  and  energy  of  the 
beam  drastically  changes,  that  gives  rise  to  a  large  deviation 
from  normal  orbit  and  optics.  Although  interlock  signals  in 
the  RF  system  are  connected  to  the  beam  abort  system,  it 
did  not  help  all  cases:  the  abnormal  RF  field  sometimes 
resulted  in  unstable  beam  before  any  interlock  is  detected 
to  trigger  the  abort  system. 

In  order  to  solve  the  problem,  the  protection  system  was 
reinforced  as  follows.  The  beam  abort  is  triggered  when 
the  longitudinal  phase  of  the  beam  deviates  from  a  nominal 
value  by  one  degree.  The  beam  abort  is  also  triggered  by 
an  abnormal  cavity  voltage  caused  by  discharge  or  quench 
in  the  SCC.  After  these  protections  were  completed,  the 
RF  trips  never  caused  any  damage  on  the  masks  or  other 


components  [7].  In  addition,  beam-loss  monitors  using  PIN 
diodes  were  implemented  along  the  ring  [8].  These  fast 
abort  systems  work  to  protect  the  beam-line  components 
against  abnormal  beam  conditions. 

CRAB  CROSSING 

Luminosity  Boost 

The  finite-angle  crossing  scheme  adopted  in  RERB  does 
not  require  any  separation  dipole  magnets  and  makes  the 
interaction  region  much  simpler  than  in  the  head-on  colli¬ 
sion  scheme.  Another  advantage  is  that  bunches  are  sepa¬ 
rated  quickly  after  the  collision  so  that  parasitic  collision  is 
not  a  concern,  even  when  every  bucket  is  filled  by  bunches. 
Geometrical  luminosity  reduction  was  estimated  to  be  10 
—  20  %,  depending  on  the  bunch  length.  The  crab  crossing 
scheme  [9]  was  considered  to  be  a  fall-back  option  in  case 
some  unexpected  problems  are  encountered  with  the  finite- 
angle  crossing  scheme.  The  success  of  RERB  encourages 
us  to  employ  the  finite-angle  crossing  also  in  Super-RERB, 
even  with  a  larger  crossing  angle  of  ±  15  mrad.  It  is  consid¬ 
ered  that  the  luminosity  of  10*®  cm“^  s“^  can  be  reached 
with  this  scheme. 

A  recent  beam-beam  simulation  showed,  however,  that 
the  head-on  collision  can  drastically  increase  the  beam- 
beam  tune  shift  limit  that  results  in  a  significant  luminosity 
increase  by  several  times  [10].  The  effect  is  much  more 
than  what  had  been  thought  before.  Consequently,  the 
crab  crossing  scheme  is  attracting  much  more  attention  for 
Super-RERB.  Parameters  for  the  crab  crossing  is  shown  in 
Table  3. 


Table  3:  Parameters  for  the  crab  crossing  in  Super-RERB 


LER 

HER 

Beam  energy  (GeV) 

3.5 

8.0 

Beam  current  (A) 

9.4 

4.1 

RF  frequency  (MHz) 

508.887 

Crossing  angle  (mrad) 

±  15 

■13;  im) 

0.3 

0.3 

Px.crab 

100~200 

200~400 

Required  kick  (MV) 

0.90~0.64 

1.45~1.03 

Crab  Cavities 

In  order  to  generate  a  transverse  kick  needed  for  the 
crab  crossing,  crab  cavities  will  be  used.  It  must  be  a 
HOM-damped  structure  as  the  accelerating  cavities.  Since 
the  crab  cavity  is  operating  in  a  dipole  mode  such  as  the 
TMllO  mode,  there  is  a  lower  frequency  parasitic  mode. 
It  is  the  TMOlO  mode  which  corresponds  to  the  acceler¬ 
ating  mode  in  the  accelerating  cavities  and  has  high  lon¬ 
gitudinal  coupling  impedance.  It  is  difficult  to  damp  this 
mode  with  the  conventional  damping  scheme  using  waveg¬ 
uide  dampers  or  beam  pipe  dampers. 
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Type-I  cavity  A  superconducting  crab  cavity  for  the 
B-factoiies  was  proposed  in  1992  [11],  It  employs  a 
coaxial  beam  pipe  damper  together  with  a  notch  filter  at¬ 
tached  to  an  extremely  polarized  cell  (“squashed”  cell).  All 
monopole  and  dipole  parasitic  modes  are  damped,  includ¬ 
ing  the  lowest  frequency  TMOlO  mode  and  the  unwanted 
polarization  of  the  TMl  10  mode,  while  the  crabbing  mode 
is  kept  high  Q-value.  The  R&D  efforts  are  being  contin¬ 
ued  at  KEK,  aiming  at  fabricating  full-scale  niobium  cavi¬ 
ties  [12]. 

This  cavity  was  designed  for  a  beam  of  1~2  A  and  is 
expected  to  have  sufficient  properties  for  the  B-factories. 
However,  if  it  is  used  in  Super-KEKB  LER  with  a  beam 
current  of  10  A,  following  problems  can  arise.  First,  the 
HOM  power  of  more  than  200  kW  should  be  absorbed  by 
the  HOM  dampers.  However,  similar  types  of  dampers 
used  in  the  SCC  of  KEKB  have  been  operated  up  to  only 
about  10  kW.  Second,  much  more  reduction  of  the  HOM 
impedance  is  required  for  the  10  A  beam.  It  should  be 
noted  that  the  growth  rate  of  transverse  instability  driven 
by  one  crab  cavity  can  be  comparable  to  that  of  about  ten 
accelerating  cavities,  even  if  the  HOM  impedance  is  about 
the  same.  The  reason  is  that  a  large  beta-function  at  the 
crab  cavity,  0x,crab>  is  chosen  to  reduce  the  required  kick 
voltage,  whereas  the  growth  rate  is  proportional  to  0x,crab- 

Type-n  cavity  for  10  A  Recently,  a  new  design  of  crab 
cavity  was  proposed  for  much  higher  beam  current  [13].  It 
is  equipped  with  several  waveguide  HOM  dampers.  Opti¬ 
mization  of  the  cell  and  dampers  has  been  carried  out.  All 
parasitic  modes  except  the  TMOlO  mode  are  sufficiently 
damped  for  a  beam  of  10  A.  The  highest  HOM  impedance 
is  reduced  by  a  factor  of  ten  compared  with  the  type-I  cav¬ 
ity.  In  addition,  the  loss  factor  is  reduced  by  half  since  rel¬ 
atively  widely  opened  beam  pipes  are  used  compared  with 
the  coaxial  beam  pipe  of  the  type-I  cavity. 

In  order  to  avoid  the  instability  driven  by  the  TMOlO 
mode,  following  measures  are  studied.  The  frequency  of 
this  mode  is  controlled  at  the  middle  of  adjacent  revolu¬ 
tion  harmonic  frequencies.  It  can  be  done  by  implementing 
frequency  monitoring  system  and  two  independent  tuners. 
The  coupling  impedance  at  the  driving  frequencies  is  fur¬ 
ther  reduced  by  a  feedback  system  using  parallel  comb  fil¬ 
ters,  which  is  similar  as  the  -1  mode  damper  for  the  ac¬ 
celerating  cavities.  The  required  feedback  gain  is  less  than 
20  dB,  which  is  comparable  to  the  existing  -1  mode  damper 
of  KEKB. 

OTHER  ISSUES 

Positron  Blow-up  by  Photo-Electron  Cloud 

Blow-up  of  the  positron  beam  caused  by  photo-electron 
cloud  [14]  was  one  of  the  most  serious  problems  in  KEKB. 
In  order  to  cure  it,  solenoid  coils  were  wound  on  the  cham¬ 
bers  of  LER.  As  the  covered  length  by  the  solenoid  coils  is 
increased,  the  threshold  current  has  been  increased.  Most 
of  the  drift  space  is  now  covered  by  the  solenoids  and  the 


serious  blow-up  disappeared  up  to  the  present  operating 
beam  current  [15].  For  the  Super-KEKB  it  seems  inevitable 
to  adopt  the  ante-chambers  similar  as  those  used  in  PEP-II. 
In  addition,  to  suppress  further  the  electron  cloud  density, 
the  charge  of  stored  beams  will  be  switched:  the  positron 
beam  is  stored  in  HER  and  the  electron  beam  in  LER. 

Continuous  Injection 

Continuous  injection  is  being  tested  at  KEKB  and  PEP- 
II.  In  this  scheme  the  lost  particles  of  the  stored  beam  are 
continuously  compensated  by  injection  while  the  detector 
is  taking  physics  data.  This  scheme  must  be  adopted  in  the 
Super  B-factories  to  maximize  the  integrated  luminosity 
because  of  a  short  beam  life  time.  It  also  allows  for  push¬ 
ing  the  beam-beam  tune  shift  limit  significantly  higher  that 
shortens  the  beam-beam  interaction  lifetime  significantly. 

FUTURE  STUDIES 

For  realizing  the  Super  B-factories,  many  studies  and  de¬ 
velopments  must  be  done.  Key  issues  for  the  RF  system  are 
improvement  of  the  HOM  dampers  and  a  powerful  feed¬ 
back  for  the  accelerating  mode-related  instabilities.  Beam¬ 
line  components  must  be  robust  and  low-impedance.  In 
particular,  R&D  of  the  ante-chambers,  movable  masks,  and 
bellows  (or  bellowsless  system)  are  cmcial.  It  is  planned 
that  crab  cavities  will  be  installed  in  KEKB  in  2005  to 
examine  the  effect  of  the  crab  crossing.  Finally,  we  be¬ 
lieve  that  continuous  efforts  to  push  the  beam  current  of  the 
present  B-factories  higher  will  give  us  important  directions 
toward  the  Super  B-factories. 
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Abstract 

R&D  aimed  at  the  production,  acceleration,  and  storage  of 
intense  muon  beams  is  under  way  in  the  U.S.,  in  Europe, 
and  in  Japan.  Considerable  progress  has  been  made  in  the 
past  few  years  toward  the  design  of  a  “Neutrino  Factory” 
in  which  a  beam  of  20-50  GeV  p,"  or  p'"  is  stored.  Decay 
neutrinos  from  the  beam  illuminate  a  detector  located 
roughly  3000  km  from  the  ring.  Here,  we  briefly  describe 
the  ingredients  of  a  Neutrino  Factory  and  then  discuss  the 
current  R&D  program  and  its  results.  A  key  concept  in  the 
design  is  “ionization  cooling,”  a  process  whereby  the 
muon  emittance  is  reduced  by  repeated  interactions  with 
an  absorber  material  followed  by  reacceleration  with 
high-gradient  rf  cavities.  Plans  to  test  this  concept  in  the 
Muon  Ionization  Cooling  Experiment  (MICE)  are  well 
along  and  are  described  briefly. 


proton  driver 


target 

mini-cooling 
3.5  m  of  LH  .  10  m  drift 
bunching  56  m 
cooling  108  m 

l.inac  2  CieV 


storage  ring 
20  GeV 


INTRODUCTION 

Presently,  there  is  intensive  worldwide  activity  to  design  a 
Neutrino  Factory,  and  ultimately  to  develop  a  Muon 
Collider.  The  former  facility  would  provide  an  intense 
beam  of  electron  neutrinos  (or  anti-neutrinos)  to  study 
neutrino  oscillations  and  hopefully  to  observe,  for  the  first 
time,  charge-conjugation-parity  (CP)  violations  in  the 
lepton  sector.  Observation  of  this  phenomenon  would 
provide  a  window  to  very  high  energy  neutrino  effects, 
and  possibly  provide  an  explanation  for  the  observed 
matter-antimatter  asymmetry  in  the  universe.  The  latter 
facility  would  initially  facilitate  the  study  of  the  Higgs 
boson  and  could  ultimately  provide  an  energy-frontier 
machine  small  enough  to  fit  on  an  existing  laboratory  site. 

In  the  U.S.,  the  activities  take  place  under  the  auspices 
of  the  Neutrino  Factory  and  Muon  Collider  Collaboration 
(MC),  a  group  of  some  130  scientists  and  engineers  drawn 
from  national  laboratories  and  universities.  In  Europe, 
there  is  a  corresponding  organization,  the  European 
Neutrino  Group  (ENG).  There  is  also  a  Japanese  Neutrino 
Factory  Working  Group,  centered  at  KEK  but  having 
members  from  Jajpanese  universities  as  well.  These 
groups  are  attacking  the  problems  of  intense  muon  beam 
accelerators  on  a  broad  front,  and  considerable  progress 
has  been  made.  In  this  paper,  the  primary  emphasis  will 
be  on  the  R&D  activities  of  the  MC,  although  some 
activities  of  the  other  groups  will  be  mentioned. 

NEUTRINO  FACTORY  INGREDIENTS 

A  schematic  of  a  possible  Neutrino  Factory  is  shown  in 
Fig.  1.  A  high-power  proton  beam  (1-4  MW)  impinges  on 
a  production  target,  producing  pions.  These  are  Captured 
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Figure  1:  Schematic  of  Neutrino  Factory  layout,  taken 
from  Ref.  [2]. 

into  a  solenoidal  decay  channel  where  they  decay  into 
muons.  The  resulting  muon  beam  then  undergoes  “phase 
rotation,”  converting  a  beam  with  a  large  energy  spread 
and  a  small  time  spread  into  a  beam  with  a  smaller  energy 
spread  and  a  longer  time  spread.  The  beam  is  then 
bunched  into  a  train  of  201  MHz  bunches  and  cooled  in 
an  ionization  cooling  chaimel.  These  activities  all  take 
place  at  low  muon  momentum,  roughly  200  MeV/c.  After 
cooling,  the  muon  beam  is  accelerated  to  its  final  energy 
(20-50  GeV)  and  stored  in  a  ring  with  one  or  more 
straight  sections  aimed  at  detectors  located  several 
thousand  km  from  the  ring.  Two  feasibility  studies  of 
complete  systems  have  been  done  [1,2],  with  the  con¬ 
clusion  that  such  a  facility  is  possible,  albeit  challenging. 

Ionization  Cooling 

Ionization  cooling  is  a  key  feature  of  intense  muon  beam 
facilities.  This  is  because  the  production  process 
described  above  results  in  a  muon  beam  with  very  large 
emittance.  (The  short  lifetime  of  the  muon,  2.2  ps  at  rest, 
eliminates  any  alternative  cooling  schemes,  such  as 
stochastic  or  electron  cooling.)  The  process,  illustrated  in 
Fig.  2,  is  analogous  to  synchrotron  radiation  damping  In 
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place  of  synchrotron  radiation,  ionization  cooling  makes 
use  of  energy  loss  in  an  absorber  to  decrease  the  particle’s 
momentum  in  all  dimensions;  energy  gain  in  the  rf 
cavities  restores  only  the  longitudinal  component. 
Repeating  the  process  many  times  results  in  a  decrease  of 
Pi!,/Pz,  and  thus  the  transverse  emittance. 

There  is  also  a  heating  term,  analogous  to  the  quantum 
excitation  in  the  radiation  damping  case,  resulting  from 
multiple  scattering  in  the  absorber  material.  The  balance 
betw'een  cooling  and  heating  gives  rise  to  an  equilibrium 
emittance,  given  approximately  by 


£xyN,eguil.  ” 


(0.014  GeVf 


dE, 


ds 


(1) 


where  is  the  Twiss  parameter  at  the  absorber  location, 
P(=v/c)  is  the  particle  velocity,  is  the  muon  mass,  Xq 
is  the  radiation  length  and  dE^ds  is  the  energy  loss  per 
unit  length  in  the  absorber  material.  To  reach  a  low 
emittance,  strong  focusing  (low  y6i),  large  energy  loss, 
and  large  radiation  length  are  prefeired.  The  latter  features 
favor  H2  as  the  absorber  material. 

R&D  PROGRAM  PROGRESS 

Targetry 

In  the  past  few  years,  the  MC  has  carried  out  initial  beam 
tests  at  the  AGS  of  both  solid  (C  rod)  and  liquid  (Hg  jet) 
targets  [3].  Unfortunately,  this  program  has  no  beam  time 
scheduled  at  the  AGS  in  FY2003  and  we  expect  none  in 
FY2004  either.  This  is  clearly  a  major  impediment  to 
further  progress.  Tests  of  C  sublimation  are  being  carried 
out  at  ORNL.  Earlier  work  [4]  indicated  a  target  lifetime 
of  1  month  at  a  beam  power  of  1.2  MW.  We  plan  He 
atmosphere  tests  to  see  if  the  sublimation  rate  can  be 
reduced  to  the  level  where  4  MW  beam  power  is  practical. 

With  regard  to  the  Hg  jet  tests,  the  open  questions 
concern  injection  into  a  strong  solenoidal  field  (=20  T) 
and  nonlinear  behavior  of  the  jet  dynamics  at  full  proton 
intensity.  To  explore  these  issues,  we  have  designed  a  test 
magnet  capable  of  providing  up  to  15  T,  we  are  designing 
a  Hg  jet  system  capable  of  the  required  20-30  m/s 
velocity,  and  we  have  continued  our  simulation  effort  to 
predict  and  interpret  our  results. 

In  our  initial  beam  tests,  we  reached  an  intensity  of 
about  4  X  10‘^  p/pulse,  compared  with  our  design  value  of 
16  X  10  p/pulse.  Tests  of  bunch  merging  techniques  are 
under  way,  as  illustrated  in  Fig.  3.  These  have  already 
reached  10  x  lO'^  p/pulse,  showing  that  the  approach  is 
workable. 

Europe  also  has  a  strong  program  in  Targetry,  focusing 
on  development  of  magnetic  horns  [5],  and,  in 
collaboration  with  the  MC,  working  on  Hg  jet  issues,  such 
as  the  jet  behavior  in  a  strong  magnetic  field  [6].  They 
have  put  considerable  emphasis  on  developing  a 
Superconducting  Proton  Linac  (SPL)  to  serve  as  a  proton 


Figure  3:  Demonstration  of  bunch  merging  at  AGS.  Two 
bunches  on  harmonic  12  are  coalesced  into  one  bunch  on 
harmonic  6. 

driver.  The  concept  being  considered  [7]  is  shown  in  Fig. 
4.  The  original  idea  was  to  reutilize  surplus  LEP  352  MHz 
rf  equipment,  but  more  recent  thinking  has  favored  using 
a  700  MHz  linac  implementation. 

Cooling 

This  activity  includes  hardware  R&D  on  cavities, 
absorbers,  and  solenoids,  along  with  a  significant 
simulation  effort  to  design  and  optimize  cooling  channels. 

Because  the  cooling  channel  rf  system  is  immersed  in  a 
strong  solenoidal  field,  the  cavities  must  be  normal 
conducting.  To  optimize  the  shunt  impedance,  we  enclose 
the  cavity  ends  with  a  conducting  metal  window.  Our 
experimental  rf  work  to  date  has  been  done  at  805  MHz, 
that  is,  one-quarter  scale  with  respect  to  the  201  MHz 
frequency  intended  for  the  cooling  channel.  The  mam 
issue  to  study  is  limits  to  the  achievable  gradient,  i.e., 
breakdown  and  dark  current  phenomena. 

The  pillbox  cavity  [8]  we  employ  for  tests  is  shown  in 
Fig.  5,  along  with  its  input  waveguide.  This  cavity  fits 
into  the  bore  of  our  5-T  solenoid  in  Lab  G  at  Fermilab.  In 
the  absence  of  a  solenoidal  field,  and  with  copper 
windows,  the  cavity  reached  34  MV/m,  exceeding  its  30 
MV/m  design  goal.  With  the  solenoidal  field,  the 
performance  was  poorer  (18  MV/m)  and  the  radiation 
levels  from  the  cavity  were  much  higher.  We  conclude 
from  these  tests  that  the  presence  of  the  magnetic  field 
enhances  physical  damage  to  the  cavity  surfaces,  though 
the  detailed  mechanism  is  uncertain.  Some  evidence  for 
healing  was  found,  in  the  sense  that  the  cavity  partially 
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Figure  4:  Diagram  of  proposed  SPL  configuration  at 
CERN. 
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Figure  5:  805  MHz  pillbox  cavity  used  in  high-power 
tests  at  Fermilab. 


recovered  to  lower  radiation  levels  when  reprocessed 
without  magnetic  field.  Inspection  of  the  cavity  after  the 
tests  showed  pitting  of  the  copper  windows  and  copper 
“dust”  at  the  bottom  of  the  cavity. 

We  next  replaced  the  copper  windows  with  TiN-coated 
beryllium  windows.  Beryllium  is  the  material  of  choice 
for  a  cooing  channel  because  of  its  low  Z  (resulting  in  less 
multiple  scattering).  The  conditioning  went  smoothly 
without  a  magnetic  field,  demonstrating  that  the  parallel 
geometry  of  the  windows  does  not  result  in  inordinate 
multipactoring.  After  operation  with  magnetic  fields,  we 
again  removed  the  windows  for  inspection.  Figure  6 
shows  a  section  of  the  window  and  indicates  that 
sputtered  copper  is  present  on  its  surface.  No  damage  to 
the  beryllium  surface  was  observed,  an  encouraging 
result.  This  evidence  suggests  we  need  to  focus  more  on 
the  copper  body  than  on  the  windows  themselves  to  reach 
higher  gradients.  We  plan  to  explore  coatings  of  other 
materials  that  may  mitigate  these  effects. 

Even  with  the  field  present,  beryllium  windows  produce 
lower  backgrounds  than  copper  windows  under 
comparable  conditions,  as  shown  in  Fig.  7. 

As  noted  above,  a  crucial  ingredient  in  the  rf  cavity 
design  is  the  window  that  terminates  the  electric  fields. 
Ideally,  such  a  window  would  be  perfectly  conducting, 
transparent  to  the  muon  beam,  and  sufficiently  rigid  to 
have  no  effect  on  the  cavity  frequency.  Our  initial  concept 
[9]  was  to  use  a  thin  flat  window  of  pre-stressed  beryllium 
foil.  In  practice,  however,  even  at  805  MHz  it  is  difficult 
to  preserve  the  flatness  as  the  window  heats,  and  the  thick 
frame  required  to  support  the  pre-stress  makes  the 
windows  expensive.  For  201  MHz  cavities,  with 
correspondingly  larger  aperture,  the  approach  was 
becoming  impractical.  Instead,  we  are  now  pursuing  a 
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Figure  6:  Be  window  surface  showing  sputtered  copper. 


Figure  7:  Background  levels  for  copper  windows  (upper 
curve)  and  beryllium  windows  (lower  curve)  under 
identical  magnetic  field  conditions. 

pre-curved  beryllium  window  that  will  bow  predictably  as 
it  heats.  The  window  is  designed  with  a  dual  curvature, 
patterned  after  the  absorber  window  design  (see  below) 
developed  with  University  of  Oxford. 

As  mentioned  earlier,  the  cavity  Irequency  envisioned 
for  a  cooling  channel  is  201  MHz.  For  the  past  year,  we 
have  worked  on  the  engineering  design  [10]  for  such  a 
cavity  (see  Fig.  8).  Fabrication  of  a  prototype  cavity 
began  this  year  and  will  be  completed  in  about  one  year. 

Thin,  yet  very  strong,  aluminum  windows  are  needed 
for  the  liquid-hydrogen  absorbers.  A  simple  torispherical 
design  has  demonstrated  the  ability  to  support  8  atm 
pressure  with  a  340  pim  window,  sufficient  for  our  needs 
[11].  An  improved  version  with  a  double  curvature  (see 
Fig-  9)  promises  to  be  even  thinner  and  stronger. 
Fabrication  of  the  new  windows  is  in  progress,  ^er 
which  pressure  tests  will  be  performed  to  validate  the 
predicted  performance  based  on  finite-element  analysis. 

An  area  to  test  absorbers  and  201  MHz  rf  cavities  is 
presently  under  constmction  at  Fermilab.  This  area,  which 
should  be  available  in  Fall  2003,  is  situated  at  the  end  of 
the  400  MeV  proton  linac  and  could  ultimately  be  used 
for  beam  tests  of  cooling  channel  components. 


Figure  8:  201  MHz  cavity  for  muon  cooling  channel. 
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Latest  Window 


Diameter: 

Burst  Pressure: 


21  cm 
100  psi 


Location  of  highest  stress:  at  the  junction 


Figure  9:  Improved  absorber  window  design. 


Acceleration 

Although  much  of  the  R&D  work  for  muon  beams  centers 
around  cooling,  there  are  other  areas  of  focus.  For  muon 
acceleration,  we  need  to  develop  201  MHz 
superconducting  cavities.  While  superconducting  cavities 
at  higher  frequencies  are  by  now  relatively  standard  items, 
the  cavity  size  required  for  201  MHz  (see  Fig.  10)  makes 
this  a  challenging  component.  The  present  focus  [12]  is  to 
achieve  high  gradients,  high  Q,  and  acceptable 
mechanical  stability.  To  date,  the  test  cavity  has  operated 
at  an  accelerating  gradient  of  11  MV/m  and  has 
demonstrated  a  low-power  Q  of  lO'®.  Still  needed  are 
designs  for  the  ancillary  items  required  for  a  complete 
cavity  module:  input  coupler,  higher-order-mode  coupler, 
and  tuner. 

In  Japan,  a  substantial  Fixed-Frequency  Alternating 
Gradient  (FFAG)  accelerator  development  program  is 
under  way.  In  the  Japanese  Neutrino  Factory  scheme,  a 
cascaded  series  of  FFAG  rings  is  used  to  capture  the 
muon  beam  from  the  target  area  and  bring  it  to  its  final 
energy  of  20-50  GeV.  An  FFAG  for  150  MeV  protons 
has  recently  been  completed,  and  is  presently  being 
commissioned.  A  series  of  FFAG  workshops  [13]  is  being 
held  to  better  understand  the  features  and  potential 
promise  of  such  devices. 


Figure  10:  201  MHz  superconducting  cavity  under  test  at 
Cornell. 


Simulations 

The  focus  of  the  simulations  group  in  the  past  year  has 
been  on  “emittance  exchange.”  In  this  process,  dispersion 
is  introduced  into  the  cooling  channel  and  a  variable 
thickness  (“wedge”)  absorber  is  used  to  reduce  the 
longitudinal  emittance  of  the  beam.  Though  this  approach 
increases  the  transverse  emittance,  the  standard  cooling 
technique  described  earlier  reduces  this,  with  the  result 
that  the  cooling  takes  place  in  6D  phase  space.  The 
natural  way  to  do  this  is  to  arrange  the  cooling  channel 
into  a  cooling  ring  [14,15].  Simulations  of  one  such  ring 
are  presented  in  Fig.  11.  We  see  that  after  some  10  turns 
in  the  33  m  circumference  ring  the  6D  emittance  is 
reduced  by  a  factor  of  302.  Practical  realization  of  such  a 
ring  requires  full  aperture  injection  and  extraction  kickers 
that  are  fast  and  powerful.  This  remains  a  challenging 
problem 


MICE  ACTIVITIES 

Although  ionization  cooling  of  muons  is  expected  to  be 
straightforward  from  a  physics  vievs^point,  it  has  not  been 
experimentally  demonstrated.  Given  that  a  Neutrino 
Factory  facility  based  on  this  concept  will  be  expensive,  it 
is  clearly  pradent  to  invest  in  a  demonstration  of  this  key 
principle.  An  international  group  has  been  formed,  the 
MICE  Collaboration,  to  propose  and  then  carry  out  an 
experiment  to  study  ionization  cooling  of  muons.  The 
group  submitted  a  formal  proposal  [16]  to  Rutherford 
Appleton  Laboratory  (RAL)  in  January,  2003  and 
underwent  a  formal  international  review  in  February, 
2003.  The  review  committee  has  recently  recommended 
that  the  experiment  be  approved,  and  we  anticipate  a 
favorable  response  from  RAL  soon.  With  a  motivated 
collaboration,  an  enthusiastic  host  laboratory,  and  a  solid 
experiment  design,  the  time  to  carry  out  the  experiment  is 
now.  Among  other  things,  MICE  forces  us  to  deal  with 
operational  and  cost  issues  early. 

The  MICE  Collaboration  has  members  from  Europe, 
Japan,  and  the  U.S.  Funding  requests  to  their  agencies 
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Figure  11:  Simulations  for  RFOFO  cooling  ring  [15]. 
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have  already  been  made  by  the  UK  and  the  U.S.  groups. 
After  formal  approval  by  RAL,  other  groups  will  likewise 
make  formal  funding  requests.  It  is  anticipated  that  data 
taking  will  happen  in  2007-2008. 

Figure  12  illustrates  the  basic  ingredients  of  MICE.  The 
cooling  channel  components  include  liquid-hydrogen 
energy  absorbers  (capable  of  handling  =100  W),  201  MHz 
rf  cavities  to  restore  the  lost  energy  (capable  of  up  to  17 
MV/m),  and  solenoid  magnets  to  contain  the  muons 
(capable  of  reaching  about  5  T).  In  addition,  the 
experiment  provides  a  diffuser  to  create  a  large  emittance 
sample,  an  upstream  diagnostics  section  to  define  the 
initial  emittance,  and  a  downstream  diagnostics  section  to 
measure  the  final  emittance  and  provide  particle 
identification. 


R&D  PLANS 

In  the  next  few  years  there  are  specific  R&D  plans  in  all 
technical  areas. 

For  the  Targetry  program,  the  main  item  is  to  fabricate 
a  15  T  test  magnet  and  test  it  with  beam  from  the  AGS  or 
elsewhere. 

The  Cooling  program  will  complete  fabrication  of  the 
201  MHz  high-gradient  cavity  and  test  it  up  to  the 
required  gradient  of  17  MV/m.  Liquid-hydrogen 
absorbers  will  be  fabricated  and  tested,  including  all 
safety  aspects.  These  tasks  will  be  carried  out  in  the 
MUCOOL  Test  Area  at  Fermilab. 

Acceleration  work  will  continue  to  concentrate  on 
development  of  a  201  MHz  superconducting  rf  cavity 
module,  with  the  aim  of  reaching  a  gradient  of  17  MV/m. 

Simulation  work  will  aim  toward  a  well  defined  ring 
cooler  concept  that  can  be  turned  into  a  fully  engineered 
ring  design.  They  will  also  develop^  scenarios  for 
incorporating  a  ring  cooler  into  an  end-to-end  Neutrino 
Factory  design.  This  may  be  done  in  the  context  of  a 
“world”  feasibility  study  of  a  Neutrino  Factory  that  serves 
as  a  follow-on  to  the  two  U.S.  studies  done  several  years 
ago  [1,2]. 

MICE  activities  will  center  on  designing  and 
fabricating  the  required  beam  line  components  and 
detectors.  Accompanying  this  wilt  be  a  strong  software 
effort  to  develop  the  data  acquisition,  data  analysis,  and 
simulation  tools  needed  to  interpret  the  experimental 
results. 


I  Liquid  HZ  Qbsortiersl 


Figure  12:  Schematic  layout  of  MICE. 


SUMMARY 

The  intense  muon  beam  R&D  program  continues  to  make 
excellent  progress  on  all  fronts,  due  to  the  efforts  of  many 
dedicated  scientists  and  engineers  in  Europe,  Japan,  and 
the  U.S.  Hardware  development  is  continuing  at  a  good 
pace  and  the  simulation  effort  has  made  great  strides  in 
developing  6D  cooling  scenarios.  The  interaction  of  the 
R&D  groups  from  the  three  regions  is  very  positive,  and 
serves  as  a  model  for  working  together  on  major 
international  projects.  The  hardware  components  being 
developed  will  serve  as  prototypes  for  MICE.  This  key 
experiment,  a  grass-roots  effort  from  all  three  regions,  is 
expecting  formal  approval  from  RAL  in  the  near  future.  If 
fiinding  is  made  available  in  a  timely  way,  this 
experiment  could  begin  in  a  few  years. 

Despite  the  progress,  it  is  clear  that  funding  limitations 
are  hampering  the  effort  in  all  three  regions.  Restoring  a 
healthy  funding  level  for  accelerator  R&D  is  critical  for 
maintaining  the  health  of  high-energy  physics,  and  must 
be  a  priority  to  preserve  the  future  of  the  field. 
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100  BUNCH  DAONE  OPERATION 
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Abstract 

The  DAd>NE  collider  has  been  operating  by  filling  100 
consecutive  buckets  out  of  the  available  120  with  a  gap  to 
avoid  ion  trapping  in  the  electron  beam.  To  reduce  the 
effect  of  the  parasitic  crossings  the  crossing  angle  has 
been  increased  up  to  29  mrad  and  the  horizontal  beta 
function  at  the  interaction  point  lowered  down  to  1.7  m. 
Moreover  both  transverse  and  longitudinal  feedbacks 
have  been  optimized  for  this  more  demanding  mode  of 
operation.  Comparison  between  100  and  50  bunches 
operation  in  2002  runs  is  presented. 


During  the  year  2000  the  collision  bunch  pattern  was  30 
bunches  separated  by  2  empty  buckets  and  followed  by  !4 
ring  gap. 

In  the  year  2001  and  2002  the  collision  bunch  pattern 
was  50  bunches  separated  by  1  empty  bucket  and 
followed  by  1/6  ring  gap. 

In  the  last  2  months  of  the  year  2002,  in  the  IP2,  for 
DEAR  detector,  the  bunch  pattern  used  for  collision  was 
100  contiguous  bunches  followed  by  1/6  ring  gap.  In 
Fig.l  a  sketch  of  the  colliding  pattern  in  the  years  1999- 
2002  is  presented. 


INTRODUCTION 

DAONE  is  a  eVe"  collider,  with  center  of  mass  energy 
1.02  GeV  (O-Factory).  It  has  two  symmetric  main  rings 
and  two  IP’s:  KLOE  detector  is  in  IPl,  DEAR  detector  is 
in  EP2.  The  harmonic  number  is  120  and  this  is  the 
maximum  number  of  storable  bunches.  The  minimum 
bunch  distance  is  2.7  nsec,  corresponding  to  ~80  cm,  and 
the  maximum  single  bunch  design  current  is  44  mA 
(achieved  >  200  mA). 

The  peak  luminosity  can  be  expressed  as  function  of 
number  of  bunches  (nb)  and  single  bunch  currents  (F  and 

I) 


L  = 


n^r 


where  is  the  revolution  fi-equency,  e  is  the  electron 
charge,  and  q,  are  the  horizontal  and  vertical  r.m.s. 
sizes  of  the  bunch. 

The  peak  luminosity  is  proportional  to  the  number  of 
colliding  bunches  and  to  the  product  of  the  single  bunch 
currents.  We  want  to  increase  the  luminosity  and  this  can 
be  done  also  increasing  the  number  of  colliding  bunches 
and  the  single  bunch  currents. 

Since  the  tune  shift  (^)  is  proportional  to  the  bunch 
current  (I)  and  tends  to  saturate  when  the  current 
increases  (up  to  now  ^  <  0.03),  it  is  not  effective  to  inject 
the  single  bunch  current  over  a  threshold,  so  we  have 
increased  the  number  of  colliding  bunches. 

An  ion  clearing  gap  is  necessary  for  the  e"  beam:  it  can 
be  between  15%  and  25%  of  the  ring.  Usually  a  uniform 
train  of  bunches  followed  by  one  gap  is  stored:  every 
bunch  of  the  train  can  be  separated  from  the  following 
one  by  N  empty  buckets  (N=0, 1,2,...). 

Different  bunch  patterns  have  been  used  for  collision  in 
the  past.  In  the  year  1999  the  collision  bunch  pattern  was 
composed  by  a  train  of  23  bunches  separated  by  3  empty 
buckets  and  followed  by  14  ring  gap. 
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Fig.  1:  -  Colliding  bunch  patterns,  years  1999-2002. 


OPTICS  DEVELOPMENTS 

With  the  aim  to  bring  into  collision  100  contiguous 
bunches,  some  modifications  to  the  optic  layout  have 
been  implemented  to  minimize  the  effects  of  the  parasitic 
crossings: 

1)  a  lower  horizontal  beta  in  the  Interaction 
Region  (see  Fig.  2); 

2)  a  larger  Crossing  Angle  at  the  IP,  from  12.5*2 
mrad  to  14.5*2  mrad; 

3)  a  smaller  horizontal  emittance. 

With  these  modifications  the  first  parasitic  crossing 
horizontal  separation  (@40  cm  from  IP)  has  increased 
from  5  Ox  to  12  CTx . 

Minimizing  of  the  horizontal  size  (see  points  1  and  3 
listed  above)  gave  also  a  single  bunch  luminosity 
increase. 

In  order  to  reduce  the  non-linearities,  three  octupole 
magnets  have  been  installed  in  each  ring.  Tuning  correctly 
the  machine  non-linearities,  it  has  been  possible  to  reach 
better  lifetimes,  dynamic  apertures  and  improve  beam- 
beam  performance.  A  machine  model  has  been  developed 
to  study  the  linear  and  non-linear  behaviour  [1]. 
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Figure  2:  The  horizontal  beta  at  IP2  has  been  lowered; 
4.4m  at  December  2001(blue),  1.7m  after  April  2002 
(red). 


The  Piwinski’s  angle  is  evaluated  as  a  “badness  factor”. 
It  is  given  by  the  formula 


«=^<i 

Gx 


(2) 


where  and  a„  are  the  longitudinal  and  horizontal 
r.m.s.  sizes  of  the  bunch  and  0  is  the  crossing  angle. 

Table  1:  Piwinski’s  angle  5  for  different  DA<&NE  setup. 


cm 

A, 

m 

A. 

m 

10-* 

mm 

a, 

M 

mrad 

6 

Design 

3 

4.5 

.045 

1 

2.12 

20 

12.5 

.18 

KLOE 

2.5 

2,7 

.026 

.74 

1.41 

20 

11.5 

.20 

DEAR, 

Decemb. 

2002 

2 

2.54 

.040 

.78 

1.13 

20 

13.5 

.24 

DEAR, 

After 

April 

2002 

2 

1.7 

.030 

.62 

1.03 

20 

14.5 

.28 

In  Table  1  are  reported  several  machine  parameters 
applied  to  four  different  machine  setup:  design,  collision 
for  Kloe,  collision  for  DEAR  before  and  after  April  2002. 
Px  and  Py  are  the  horizontal  and  vertical  betatron 
functions,  e*  is  the  horizontal  emittance,  ({)  is  the  crossing 
angle  at  the  IP,  and  9  is  the  Piwinski's  angle. 

As  it  can  be  seen,  in  order  to  bring  into  collision  100 
bunches,  the  crossing  angle  and,  as  consequence, 
Piwinski’s  angle  have  been  increased.  However,  this 
practically  does  not  affect  the  single  bimch  luminosity. 


BEAM  DYNAMICS 

The  DAONE  longitudinal  dynamics  is  affected  by 
strong  coupled  bunch  synchrotron  dipole  oscillations  well 
damped  by  the  feedback  developed  with  SLAC/LBL. 

Besides  in  both  rings,  at  high  currents,  harmful 
longitudinal  quadrupole  instabilities  need  to  be  cured. 

In  Fig.  3  a  positron  beam  power  spectrum  measured  by 
a  powerful  real  time  FFT  analyzer  HP3587s  is  shown. 
The  beam  spectrum,  recorded  with  100  bunches,  900mA, 
in  collision,  shows  a  large  longitudinal  quadrupole 
instability  on  the  mode  #76. 


The  Longitudinal  feedback,  built  to  damp  the 
synchrotron  dipole  oscillations,  is  able,  using  a  special 
setup,  to  damp  the  quadrupole  motion  [2]. 


Fig.3:  -  e  beam  power  spectrum  measured  by  a  real  time 
FFT  analyzer  HP3587.  The  beam  spectrum,  (100 
bunches,  900mA,  in  collision)  shows  a  large  longitudinal 
quadrupole  instability. 

Vertical  and  horizontal  instabilities  require  powerful 
feedback  systems. 

In  the  year  1999  the  collision  bunch  pattern  was  23 
bunches  each  separated  by  3  empty  buckets.  Only  the 
longitudinal  feedback  was  installed  at  full  power 
(3x250W),  without  any  transverse  feedbacks. 

During  the  year  2000  the  collision  bunch  pattern  was 
30  bimches  each  separated  by  2  empty  buckets.  The 
vertical  feedbacks  were  added  with  reduced  power 
(2xl00W).  In  the  year  2001  the  collision  bunch  pattern 
was  50  bunches  separated  by  1  empty  bucket.  The  vertical 
feedbacks  were  working  at  full  power  (2x250W)  and  the 
horizontal  ones  with  reduced  power  (2xl00W). 

In  the  last  2  months  of  the  year  2002  the  bunch  pattern 
was  100  contiguous  bunches  colliding  in  IP2  (DEAR)  and 
the  complete  control  of  longitudinal  quadrupole  in  both 
rings  was  successfully  achieved. 

With  the  new  layout,  it  has  been  possible  to  store  more 
than  1.8 A  with  stable  e’  beam  in  90  contiguous  bunches 
(single  beam  not  colliding,  >20mA  per  bunch),  while  in 
50  bunches  separated  by  1  empty  bucket,  the  maximum 
current  achieved  was  smaller  (~1 .250A). 

To  achieve  this,  it  has  been  necessary  a  very  accurate 
transverse  and  longitudinal  feedback  setup  and  a  complete 
separation  of  the  signal  of  contiguous  bunches  in  the 
feedbacks. 

RESULTS 

In  this  section  we  present  the  results  obtained  in  the 
October-December  2002  shifts  with  100  bunches 
colliding.  In  Fig.4  signals  coming  from  two  longitudinal 
pickups  and  showing  the  e^  and  e"  bunch  train  during 
collision,  are  monitored  by  an  oscilloscope. 
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Tek  Run:  2.00CS/S  Sample 


Fig.4;  -  Signals  from  two  longitudinal  pickups  show  the 
e'^  and  e'  bunch  train  during  collision  monitored  by  an 
oscilloseope. 

During  the  collision  shifts  more  than  2  Ampere  have 
been  usually  stored  in  two  beams  with  aeceptable 
baekground  and  lifetime. 


Fig.5:  -  Peak  and  integrated  luminosity  in  24h  (12/8/02). 


The  collider  has  shown  a  very  good  reliability:  in  Fig.  5 
the  peak  luminosity,  currents  and  integrated  luminosity 
are  presented  for  one  of  the  best  24  hours  of  data  taking 
(12/8/2002,  IP2).  With  100  bunches  a  DEAR  peak 
luminosity  of  7*10^'  cm-2  s-1  has  been  achieved  while 
with  50  bunch  it  was  4.5*10^'  cm-2  s-1.  With  100 
bunches  a  DEAR  integrated  luminosity  of  2  pbam"'  per 
day  has  been  reached  while  with  50  bunches  the 
maximum  value  was  1.1  pbam’’.  This  has  allowed 
completing  the  physics  program  for  the  DEAR 
experiment. 


Fig.  6:  -  Year  2002  peak  and  integrated  luminosity. 


CONCLUSION 

During  2002  it  has  been  possible  to  collide  with  100 
contiguous  bunches  (out  of  120)  by  implementing  a  new 
machine  setup,  lowering  the  horizontal  beta  at  the  IP, 
inereasing  the  crossing  angle  and  decreasing  the 
horizontal  emittance. 

Storing  high  current  in  100  bunches  has  become 
possible  using  powerful  active  feedback  systems 
necessary  to  damp  longitudinal  dipole  oscillations, 
longitudinal  quadrupole,  horizontal  and  vertical 
instabilities. 

As  result  both  peak  and  integrated  luminosity  have 
grown  and  there  is  still  margin  for  further  improvements 
increasing  the  currents  up  to  20niA  per  bunch;  these 
results  have  been  obtained  in  only  two  months. 

With  these  shifts,  DEAR  experiment  has  completed  the 
data  taking.  New  IR’s  for  KLOE  and  FINUDA  detectors 
have  been  designed  taking  in  mind  this  approach  and  are 
ready  for  the  next  shifts. 
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Abstract 
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The  beam-beam  effect  in  HERA  was  studied  with  a  self- 
consistent  beam-beam  simulation  by  using  the  particle-in¬ 
cell  method.  A  remarkable  agreement  between  the  ex¬ 
perimental  measurement  and  the  simulation  result  was  ob¬ 
served  on  the  emittance  growth,  luminosity  reduction,  and 
coherent  tune  shifts.  The  simulation  study  also  showed  that 
the  chaotic  coherent  beam-beam  instability  could  occur  in 
HERA  and  this  collective  beam-beam  instability  could  be 
avoided  with  a  slightly  different  working  point. 

INTRODUCTION 

In  the  current  luminosity  upgrade  of  HERA,  the  lumi¬ 
nosity  is  expected  to  increase  roughly  by  a  factor  of  4.5. 
To  achieve  this  goal,  the  beam-beam  parameter  of  the  elec¬ 
tron  beam  (^e,x,  ^e,y)  will  be  increased  to  (0.034, 0.052). 
To  examine  any  possible  luminosity  reduction  due  to  beam- 
beam  effects,  several  beam  experiments  were  performed  on 
HERA  [2,  1,  3].  In  order  to  have  a  better  understanding 
of  those  experimental  data  and  to  evaluate  the  beam-beam 
effect  in  the  HERA  upgrade,  the  dynamics  of  beam-size 
growth  and  the  stability  of  the  coherent  beam-beam  oscil¬ 
lation  in  HERA  were  studied  with  a  self-consistent  beam- 
beam  simulation.  A  remarkable  agreement  between  the  ex¬ 
perimental  measurement  and  the  simulation  result  was  ob¬ 
served  on  the  emittance  growth,  luminosity  reduction,  and 
coherent  tune  shifts.  The  simulation  study  also  showed  that 
the  chaotic  coherent  beam-beam  instability  [4]  could  oc¬ 
cur  in  HERA.  It  was  found  that  when  the  beam-beam  pa¬ 
rameter  of  the  electron  beam  exceeds  a  threshold  that  cor¬ 
responds  to  an  overlap  of  the  electron  beam  with  a  low- 
order  single-particle  beam-beam  resonance,  the  onset  of 
the  collective  beam-beam  instability  results  in  an  enhanced 
growth  of  the  proton-beam  emittance.  After  the  onset  of 
this  collective  beam-beam  instability,  the  phase-space  area 
near  the  origin  (closed  orbit)  becomes  unstable  for  beam 
centroids  and  two  initially  centered  beams  could  develop  a 
spontaneous  chaotic  coherent  oscillation  due  to  beam-beam 
interactions.  A  study  of  the  dynamics  of  beam  particle  dis¬ 
tributions  showed  that  after  the  onset  of  the  beam-beam  in¬ 
stability,  the  distributions  significantly  deviate  from  Gaus¬ 
sian  distribution  due  to  beam  halo.  The  formation  of  the 
beam  halo  is  a  result  of  chaotic  transport  (chaotic  diffusion) 
of  particles  from  beam  cores  to  beam  tails.  In  the  HERA 
Upgrade,  the  beam-beam  parameter  of  the  positron  beam  is 
over  20  and  100  times  larger  than  that  of  the  proton  beam  in 
the  horizontal  and  vertical  direction,  respectively,  and  the 
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two  rings  have  a  very  different  working  point.  Tradition¬ 
ally,  the  beam-beam  effect  in  such  situation  is  considered 
as  a  typical  strong-weak  or  very  unsymmetrical  case.  For 
the  strong-weak  beam-beam  interactions,  it  is  commonly 
believed  that  the  coherent  beam-beam  effects  is  not  impor¬ 
tant.  This  study  showed  that  the  traditional  boundary  be¬ 
tween  the  strong-strong  and  strong-weak  beam-beam  inter¬ 
actions  is  no  longer  valid  in  the  nonlinear  regime  of  beam- 
beam  interactions.  For  high-intensity  beams,  the  nonlinear 
beam-beam  perturbation  could  dominate  the  beam  dynam¬ 
ics  and  the  collective  beam-beam  instability  could  there¬ 
fore  occur  in  both  cases  of  strong-strong  (symmetrical  or 
nearly  symmetrical)  and  strong-weak  (very  unsymmetri¬ 
cal)  beam-beam  interactions. 

In  the  simulation,  the  linear  HERA  lattice  with  one  or 
two  IPs  was  used.  The  beam-beam  interaction  at  each  IP 
was  represented  by  a  kick  in  transverse  phase  space  and 
the  beam-beam  kick  was  calculated  by  using  particle-in¬ 
cell  method  with  5  x  10®  macro-particles  in  each  beam. 
The  code  used  in  this  study  is  an  expanded  version  of  [4] 
that  is  currently  capable  of  studying  beam-beam  effects  of 
proton  or  lepton  beams  with  any  aspect  ratio.  The  motion 
of  particles  was  tracked  in  4-dimensional  transverse  phase 
space  without  synchrotron  oscillation  and  momentum  de¬ 
viation.  For  lepton  beams,  the  quantum  excitation  and  syn¬ 
chrotron  damping  are  treated  as  kicks  in  each  turn  during 
the  tracking  [5]. 

NON-COLLECTIVE  BEAM-BEAM 
EFFECTS 

The  beam  experiment  in  HERA  Accelerator  Study  2000 
studied  the  beam-beam  effect  at  a  very  large  beam-beam 
tune  shift  of  the  electron  beam  [1].  In  the  experiment,  the 
vertical  beam-beam  parameter  of  the  e+  beam  was  varied 
from  0.047  to  0.272  by  changing  the  vertical  beta-function 
I3*  y  of  the  e+  beam  at  IPs  from  0.7  m  to  4.0  m.  Detailed 
experimental  parameters  can  be  found  in  Ref.  [1].  In  the 
experiment,  the  emittance  of  the  e+  beam  after  collision 
and  the  luminosity  were  measured  as  functions  of  ^*  y  at 
both  HERA  IPs,  HI  and  ZEUS.  To  have  a  better  under¬ 
standing  of  those  measured  data,  we  have  reconstructed  the 
HERA  beam  experiment  with  the  beam-beam  simulation. 
This  study  also  served  a  detailed  benchmark  of  our  beam- 
beam  simulation  code  with  the  experimental  measurement. 

Figure  1  plots  the  emittance  growth  of  the  e+  beam  and 
the  specific  luminosity  as  a  function  of  P*  y  measured  in 
the  experiment  and  calculated  by  the  beam-beam  simula¬ 
tion.  For  each  /3*  y  where  the  measurement  was  performed, 
two  data  points  correspond  to  the  measurement  at  HI  and 
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Figure  1;  Emittance  of  the  e+  beam  (upper  figure)  and  spe¬ 
cific  luminosity  (lower  figure)  v.s.  /3*  y.  cq  is  the  emittance 
without  collision.  Discrete  points  are  from  the  experiment 
and  continuous  curves  from  the  simulation.  In  the  emit¬ 
tance  plot,  the  upper  (lower)  curve  is  the  vertical  (horizon¬ 
tal)  emittance. 


ZEUS,  respectively.  Both  the  emittance  and  the  luminosity 
plot  show  a  remarkable  agreement  between  the  experiment 
and  the  simulation.  In  the  experiment,  the  coherent  tune 
was  also  measured  at  ^  =  4.0  m.  Table  1  lists  the  coher¬ 
ent  tune  measured  in  the  experiment  and  calculated  by  the 
simulation  and  it  shows  a  very  good  agreement  between  the 
experiment  and  the  simulation.  In  order  to  understand  such 
the  small  coherent  tune  shifts,  the  eigen-frequencies  of  the 
coherent  oscillation  was  derived  for  the  un-symmetrical 
case  of  beam-beam  interaction  based  on  the  assumption 
of  rigid  Gaussian  beams  [2].  With  the  enlarged  e+-beam 
emittance  in  Fig.  1,  however,  the  coherent  tune  calculated 
from  the  derived  formula  does  not  agree  well  with  the  ex¬ 
perimental  or  simulation  result  (see  Table  1).  The  discrep¬ 
ancy  here  is  due  to  a  non-Gaussian  distribution  of  the  e+ 
beam.  A  study  of  the  dynamics  of  particle  distributions 
during  the  beam-beam  simulation  showed  that  the  distribu¬ 
tion  of  the  e+  beam  deviated  from  a  Gaussian  distribution 
with  a  significant  drop  at  beam  core  and  a  growth  of  beam 
tails  (see  Fig.  2).  Compared  with  the  distribution  of  the  e+ 
beam,  a  Gaussian  beam  has  more  particles  in  the  core.  The 
coherent  beam-beam  tune  shift  calculated  from  the  derived 
formula  is  therefore  laiger  than  the  real  tune  shift  of  the  e+ 
beam. 


Table  1:  Coherent  tune  of  the  e+  beam  at  =  4.0  m. 
“Gaussian  Beams”  is  the  tune  calculated  with  the  measured 
e+-beam  emittances  by  using  the  derived  formula  for  two 
non-symmetrical  Gaussian  beams 


Vx 

Experiment 

52.160 

52.233 

Simulation 

52.162 

52.232 

Gaussian  Beams 

52.156 
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Figure  2:  The  vertical  projection  of  the  e^-beam  distri¬ 
bution  at  0*^y  =  4.0  m.  (a)  The  initial  beam  distribution 
(Gaussian);  (b)  the  Gaussian  distribution  with  enlarged  e"*"- 
beam  emittance;  and  (c)  the  e+-beam  distribution. 

COLLECTIVE  BEAM-BEAM 
INSTABILITY 

Simulation  has  been  conducted  for  the  HERA  Upgrade 
with  two  e-p  collisions.  When  the  working  point  of  the 
e  beam  is  at  Pe  =  (54.14,  51.21),  the  onset  of  the 
chaotic  coherent  beam-beam  instability  results  in  an  emit¬ 
tance  blowup  on  the  p  beam  and  a  significant  luminosity 
reduction  (see  Fig.  3).  Moreover,  the  two  initially  centered 
beams  developed  a  spontaneous  chaotic  coherent  oscilla¬ 
tion  (see  Fig.  4).  A  study  of  the  dynamics  of  beam-beam 
tune  spread  of  the  e  beam  showed  that  this  collective  beam- 
beam  instability  is  due  to  an  overlap  of  the  e  beam  and  the 
4th-order  resonance  (see  Fig.  5).  It  can  be  clear  seen  in  Fig. 
5  that  many  particles  in  the  e  beam  are  trapped  inside  the 
resonance.  A  simulation  with  a  slightly  different  working 
point  Pe  =  (54.072,  51.107)  of  the  e  beam  was  therefore 
performed.  At  this  new  working  point,  the  e-beam  is  away 
from  the  4th-order  resonance.  The  beam  centroid  motion 
is  stable  and  no  significant  emittance  growth  was  observed 
on  the  p  beam.  Consequently,  the  luminosity  is  recovered 
to  the  design  value  (see  Fig.  3).  The  collective  beam-beam 
instability  in  this  case  can  be  therefore  avoided  by  eliminat¬ 
ing  the  crossings  of  major  beam-beam  resonance.  To  deter¬ 
mine  the  threshold  of  the  onset  of  the  coherent  beam-beam 
instability,  the  emittance  growth  of  the  p  beam  was  studied 
as  a  function  of  bunch  current  of  the  p  beam  in  the  case 
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of  one  interaction  point.  It  was  found  that  the  threshold  is 
at  50%  design  p-beam  current.  This  further  confirms  the 
effect  of  the  4th-order  resonance  on  the  collective  beam- 
beam  instability  since  at  50%  design  p-beam  current  the  e 
beam  avoids  the  crossing  of  the  4th-order  resonance.  To 
verify  the  effect  of  the  4th-order  resonance,  a  beam  exper¬ 
iment  was  performed  on  HERA  recently  [3].  In  the  exper¬ 
iment,  the  emittance  of  the  p  beam  and  luminosity  were 
measured  and  compared  at  two  different  working  points  of 
the  e+  beam.  When  the  working  point  of  the  e+  beam  is  at 
Pe  =  (0.140,  0.210),  the  beam  does  not  cross  any  ma¬ 
jor  beam-beam  resonance.  In  this  case,  no  significant  emit¬ 
tance  growth  of  the  p  beam  and  the  luminosity  reduction 
were  observed.  When  the  working  point  of  the  e+  beam 
was  moved  to  =  (0.215,  0.296),  on  the  other  hand,  the 
e+  beam  overlaps  with  the  4th-order  resonance  and  a  more 
than  30%  emittance  growth  was  observed  in  both  horizon¬ 
tal  and  vertical  emittance  of  the  p  beam.  We  were  able 
to  reconstruct  this  experiment  with  the  beam-beam  simu¬ 
lation.  The  phenomena  observed  in  the  experiment  agree 
well  with  that  of  the  beam-beam  simulation. 


Figure  3:  Luminosity  in  HERA  Upgrade  with  two  e-p  col¬ 
lisions. 


3.0  2.3  2.4  2.6  2.8  3.0, 

turn  (xlO®) 


Figure  4:  Chaotic  coherent  beam  oscillation  in  HERA  Up¬ 
grade  with  two  e-p  collisions  at  =  (54.14,  51.21). 

Another  aspect  of  the  collective  beam-beam  instability  is 
the  importance  of  the  beam-beam  tune  spread  to  the  beam 
instability  [6].  The  simulation  study  suggested  that  having 


Figure  5:  Tune  spread  of  the  e  beam  in  HERA  Upgrade 
with  two  e-p  collisions  when  =  (54.14,  51.21). 

a  large  beam-beam  tune  spread  may  benefit  the  stability  of 
beams  in  certain  situation.  One  such  example  is  when  the 
working  point  of  the  e+  beam  is  such  that  the  e+  beam 
crosses  only  the  4th-order  resonance  of  +  2i'y  =  1 
when  there  is  one  IP  in  the  ring  while  crosses  three  4th- 
order  resonance  lines  including  21/^  +  2iyy  =  1  when  there 
are  two  IPs  in  the  ring.  Note  that  the  incoherent  beam-beam 
tune  shift  as  well  as  the  beam-beam  tune  spread  in  the  case 
of  two  IPs  is  about  twice  as  large  as  that  in  the  case  of  one 
IP.  It  was  found  in  the  simulation  that  the  collective  beam- 
beam  instability  occurs  in  the  case  of  one  IP  but  in  the  case 
of  two  IPs.  Similar  phenomenon  has  also  been  observed  in 
the  recent  HERA  experiment  [3].  In  the  near-linear  regime 
of  beam-beam  interactions,  the  beam-beam  tune  spread  is 
the  dominant  beam-beam  effect  and  a  smaller  beam-beam 
tune  spread  could  benefit  beams  by  reducing  the  possibility 
of  resonance  crossings.  In  the  nonlinear  regime  of  beam- 
beam  interactions,  however,  the  phase-dependent  perturba¬ 
tion  of  beam-beam  interactions  could  lead  to  the  onset  of 
the  chaotic  coherent  beam-beam  instability.  In  this  situ¬ 
ation,  having  a  large  tune  spread  could  benefit  the  beam 
stability  since  the  existence  of  a  sizable  tune  spread  is  one 
of  necessary  conditions  for  the  Landau  damping  that  could 
suppress  the  coherent  beam-beam  instability  and,  more¬ 
over,  the  existence  of  a  large  tune  spread  reduces  the  possi¬ 
bility  of  trapping  particles  inside  a  bad  resonances. 
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Abstract 

We  consider  the  design  of  an  electron-ion  collider 
realized  by  adding  a  self-polarizing  electron  ring  to  the 
existing  RHIC  collider.  It  would  provide  polarized 
electron-proton  and  unpolarized  electron-ion  beam 
collisions  in  the  center  of  mass  energy  range  of  30-100 
Gev  and  at  luminosities  up  to  10^^  cm'^s  ‘  for  e-p  and 
10  *  cm^s '  for  e-Au  collisions.  An  electron  storage  ring 
lattice  has  been  developed  which  provides  a  short 
polarization  time  for  an  electron  beam  in  the  5-10  GeV 
energy  range  and  which  satisfies  the  luminosity  goals.  We 
describe  the  modifications  to  the  RHIC  interaction  region 
layout  required  for  both  efficient  beam  separation  and 
also  for  longitudinal  electron  and  proton  beam 
polarization  at  the  collision  point. 

INTRODUCTION 

In  recent  years  a  strong  physics  interest  in  an  electron-ion 
collider  has  emerged.  An  electroh-ion  collider  would 
probe  QCD  in  a  manner  not  previously  possible  through 
collisions  between  electrons  and  beams  of  atomic  nuclei 
as  well  as  collisions  between  polarized  electron  and 
proton  beams.  The  availability  of  longitudinally  polarized 
electron  and  proton  beams  at  the  collision  point  is  a 
prerequisite  for  such  an  electron-ion  collider. 

The  RHIC  collider  at  Brookhaven  National  Laboratory 
(BNL)  is  currently  providing  beams  of  gold  ions, 
deuterons  and  polarized  protons  for  colliding  beam 
physics  experiments  at  the  positions  of  four  experimental 
detectors  [1].  The  possible  scenarios  and  accelerator 
issues  of  the  addition  of  an  electron  accelerator  to  the 
RHIC  complex  have  been  discussed  in  [2].  The  addition 
should  be  done  in  a  way  which  involves  minimal 
reconstruction  of  RHIC  itself  and  should  be  financially 
acceptable.  Here  we  describe  a  design  for  the  new 
“eRHIC  ”  collider  based  on  a  self-polarizing  electron 
storage  ring  and  developed  in  collaboration  between 
BNL,  the  Budker  Institute  for  Nuclear  Physics  (BINP) 
and  the  MIT-BATES  laboratory. 


DESIGN  LAYOUT 

This  design  suggests  construction  of  an  electron  ring 
with  an  energy,  E,  of  5-10  GeV  which  will  have  a 
circumference  of  5/16  of  that  of  RHIC  and  an 
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intersection  with  RHIC  in  one  of  the  existing 
experimental  areas  (see  Fig.l).  The  electron  beam  from  an 
unpolarized  electron  source  is  accelerated  in  the  linac  to 
2GeV  and  injected  into  the  ring.  In  the  later  stages  of  the 
project  the  linac  energy  can  be  increased  to  5  GeV.  After 
injection  the  electron  beam  is  accelerated  to  collision 
energies  of  5-10  GeV  where  it  becomes  spin  polarized 
through  the  emission  of  synchrotron  radiation  (the 
Sokolov-Temov  effect).  Thus  it  is  important  for  the 
design  to  ensure  a  short  enough  polarization  time.  Stored 
positrons  could  be  polarized  in  the  same  way. 


e  2GeV 


Figure  1 :  Design  layout 

The  lattice  of  the  electron  ring  consists  of  two  arcs  with 
regular  FODO  stmctures  and  two  straight  sections:  one 
for  the  beam  collisions  and  the  other  for  accelerating 
cavities  and  other  necessary  equipment.  For  fixed  bending 
radii  the  polarization  time  Xp  is  proportional  to  E"’.  But  a 
short  polarization  time  over  the  whole  energy  range  is 
achieved  by  a  special  design  for  the  electron  ring  bending 
magnets.  These  so-called  “superbend”  magnets  consist  of 
three  parts  (see  Fig.2).  The  magnetic  fields,  B,  of  the  short 
central  parts  and  of  the  longer  outer  parts  are  scaled 
differently  with  the  beam  energy,  while  keeping  the  total 
bending  angle  of  the  magnet  the  same.  Such  a  field 
arrangement  allows  an  optimal  balance  to  be  maintained 
between  the  quantities  of  the  interest:  Xp  ,  which  at  a 
chosen  energy  is  proportional  to  B"^  and  synchrotron 
radiation  losses,  proportional  to  B^  at  a  chosen  energy.  At 
5  GeV  energy  the  relatively  high  field  of  2T  in  the 
central  part  of  the  magnet  is  used  to  decrease  polarization 
time,  while  at  10  GeV  the  field  is  reduced  to  decrease  the 
synchrotron  radiation  power  load.  At  10  GeV  the  setup 
with  a  uniform  field  in  the  outer  and  central  parts  of  the 
superbend  at  provides  a  polarization  time  of  8min  and 
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7MW  of  synchrotron  radiation.  Ways  to  accommodate 
this  power  load  are  under  consideration.  The  polarization 
time  and  beam  emittance  dependence  on  beam  energy  are 
shown  in  Figure  3. 


Figure  2:  Field  distribution  (B)  along  the  superbend 
magnet  for  5  and  10  GeV  beam  energies. 


Following  world  wide  experience,  we  have  assumed 
limiting  values  of  0.05  (eleetrons)  and  0.005  (protons)  for 
the  beam-beam  parameters.  Since  the  origins  of  the 
formation  of  the  beam  emittances  are  quite  different,  as 
well  as  their  dependences  on  energy,  tools  for  emittance 
control  in  both  the  eleetron  and  the  ion  ring  are  needed  for 
keeping  the  beam  sizes  matched  at  the  collision  point.  For 
the  electron  ring  the  superbends  provide  the  flexibility  for 
emittance  manipulations.  In  the  ion  ring  the  emittance 
control  should  be  done  by  a  beam  cooling  device. 
Following  experience  (B-factories  or  LEP  for  eleetrons; 
RHIC,  Tevatron  for  protons)  we  have  aecepted  lO" 
particles  per  buneh  as  a  reasonably  achievable  number. 

The  main  parameters  of  eRHIC  for  the  current  variants  of 
the  electron  and  ion  ring  lattices  are  listed  in  Table  1  for 
the  cases  of  e-p  and  e-Au  collisions. 


Energy,  GeV 


Figure  3;  Electron  beam  polarization  time  (solid)  and 
emittance  (dashed)  versus  the  beam  energy  for  the 
superbend  central  field  changing  linearly  from  0.57T  (at 
5GeV)  to  2T  (at  10  GeV). 

Since  the  magnet  fields  in  the  superbend  magnet  do  not 
scale  linearly  with  the  beam  energy,  the  beam  path  inside 
the  magnet  depends  on  the  energy.  In  order  to  control  the 
change  of  path  length  with  the  energy  and  thus  eliminate 
radial  shift  of  the  orbit,  special  dipole  magnet  insertions 
are  being  considered. 

LUMINOSITY  CONSIDERATIONS 

The  maximum  luminosity  of  a  collider  depends,  among 
other  things,  on  the  tolerable  beam-beam  parameters  ^  .  It 
has  been  predicted  that  the  destructive  effect  of  beam- 
beam  forces  can  be  minimized  by  using  round  beam 
collision  geometry  based  on  conservation  of  the  angular 
momentum  [3].  This  involves  2  conditions:  equal  beam 
sizes  and  equal  betatron  tunes.  Then  the  luminosity  is 


Table  ItBasic  beam  parameters 


To  achieve  the  required  proton  and  ion  beam 
parameters  some  parts  of  RHIC  will  have  to  be  upgraded. 

First,  in  order  to  achieve  and  maintain  the  required  gold 
beam  emittance  during  collisions,  a  cooling  system  should 
be  developed  and  installed  in  the  ion  rings.  Cooling 
would  also  be  required  for  experiments  involving  proton 
beams  with  energy  below  200  GeV.  The  development  of 
an  electron  cooling  system  for  RHIC  is  currently 
underway  [4]. 

Also,  the  reduction  of  the  proton  (ion)  3*  from  the 
currently  used  Im  to  the  27cm  required  by  the  eRHIC 
design,  will  possibly  call  for  longitudinal  cooling  to 
prevent  luminosity  reduction  by  the  hour-glass  effect. 

The  upgrade  to  360  bunches  from  the  cuirent  55  or  110 
bunches  was  foreseen  at  the  RHIC  design  stage  and  looks 
feasible.  Some  modifications  in  the  injection  system  will 
be  needed.  Also,  better  theoretical  and  experimental 
understanding  of  the  pressure  rise  and  electron  cloud 
effects  observed  during  RHIC  operation  is  needed  in 
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order  to  inprove  the  maximum  achievable  total  current  of 
the  ion  and  proton  beams[5]. 

IR  DESIGN 

The  interaction  region  design  should  provide  focusing  to 
the  low  p  and  effective  beam  separation  to  avoid 
parasitic  collisions  (with  the  about  35ns  between 
consecutive  bunches).  At  the  same  time  it  would  be 
preferable  to  minimize  the  reconstmction  of  the  existing 
RHIC  rings. 

Two  possible  schemes  for  the  interaction  region  layout 
have  been  proposed  so  far  with  horizontal  and  vertical 
beam  separation  (see  Figure  4). 


lUcKb 


Figure  4:  Two  suggested  schemes  of  the  interaction 
regions;  with  vertical  (top)  and  horizontal  separation 
(bottom). 

In  both  schemes  the  beam  separation  is  initiated  by  the 
magnetic  field  inside  the  experimental  detector  itself.  The 
focusing  quadmpoles  nearest  to  the  collision  point  could 
also  be  put  inside  the  detector.  Thus  the  further 
development  of  the  interaction  region  design  should  be 
coupled  with  the  initial  development  of  the  experimental 
detector  itself.  During  this  work  the  important  issues  of 
minimizing  detector  background  and  the  protection  of  the 
deteetor  from  synchrotron  radiation  should  be  resolved. 

In  order  to  transform  the  vertical  polarization  in  the  arcs 
of  the  electron  and  proton  rings  into  longitudinal 
polarization,  spin  rotators  will  be  installed  around  the 
interaction  region.  For  the  proton  ring  the  rotators  will  be 
similar  to  the  rotators,  based  on  helical  dipoles,  already 
used  at  two  RHIC  interaction  regions  for  proton-proton 


beam  experiments.  For  the  electron  ring  the  use  of  a  pair 
of  solenoidal  spin  rotators  has  been  suggested-  They 
would  produce  exactly  longitudinal  polarization  at  an 
energy  of  7.5  GeV.  The  spin-transparency  conditions 
needed  for  obtaining  sufficient  electron  polarization  are 
well  known  [6]. 

POLARIZATION  ISSUES 

For  an  ideal  machine  without  errors  and  beam-beam 
forces  an  electron  polarization  of  about  90%  is  achieved 
after  8-15min  of  beam  storage.  But  misalignments  and 
beam-beam  forces  can  lead  to  strong  depolarization.  The 
effect  of  the  extra  magnetic  fields  in  and  around  the 
detector  can  also  be  significant.  A  first  order  caleulation 
of  the  polarization  shows  that  with  a  rms  vertical  closed 
orbit  error  of  0.5  mm  the  maximum  equilibrium 
polarization  might  drop  to  the  50-60%  level  if  no  specific 
corrections  are  made.  Fortunately,  it  has  been 
demonstrated  at  HERA  that  depolarizing  effects  can  be 
minimized  with  harmonic  correction  of  the  closed  orbit 
[7].  Such  schemes  should  be  used  at  eRHIC.  Together 
with  feedback  from  a  fast  polarimeter,  based  on  the 
Compton  baekseattering  of  a  laser  beam,  it  might  be 
possible  to  optimize  the  polarization  continuously  on-line. 
Also,  the  storage  ring  design  itself  can  be  re-optimized  to 
provide  less  sensitivity  to  depolarizing  resonances. 

CONCLUSIONS 

The  design  of  an  electron-ion  collider  (eRHIC) 
presented  here  is  based  on  the  construction  of  a  self- 
polarizing  electron  ring.  The  collider  will  provide 
polarized  electron-proton  and  unpolarized  electron-ion 
beam  collisions  in  the  center  of  mass  energy  range  of  30- 
100  Gev  and  at  luminosities  up  to  10^^  cm'^s'*  for  e-p  and 
10^'  cm’^s"'  for  e-Au  collisions.  The  polarization  time  of 
8-15min  is  achieved  using  superbend  magnets  in  the 
electron  ring.  The  collider  design  could  be  realized  using 
the  present  level  of  the  accelerator  technology  and  could 
also  be  used  to  store  and  collide  polarized  positrons. 
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Abstract 

At  the  interaction  point  of  a  storage  ring  collider  each 
beam  is  subject  to  perturbations  due  to  the  electromagnetic 
field  of  the  counter-rotating  beam.  For  flat  beams,  a  well 
known  approximation  models  the  beam  by  a  current  sheet 
which  is  uniform  in  the  horizontal  plane,  restricting  the 
particle  motion  to  the  vertical  direction.  In  this  classical 
model  a  water-bag  beam  distribution  is  used  to  find  work¬ 
ing  points  and  beam-beam  tune  shift  parameters  which  lead 
to  a  stable  beam  distribution.  We  try  to  find  stability  criteria  F{y,  s)  =  K{s)y  +  5p{s)I^^  {y)  (6) 

for  a  more  realistic  Gaussian  equilibrium  distribution.  In 

order  to  analyze  the  instabilities,  a  linearized  Vlasov  equa-  If  we  approximate  the  beam-beam  force  as  linear  in  y 

tion  is  solved  computing  radial  and  angular  modes  to  first 

order  in  the  displacement  from  the  design  trajectory.  F'[y,s)  F{s)y  (7) 

RF  A  M  F Vnr  T  TTTnxr  perturbation  as  a  part  of  the  perturbed  fo¬ 

cusing  function  F{s).  In  the  next  step  we  transform  eqn.  5 
We  model  the  flat  beam  as  a  current  sheet  which  is  uni-  I®  action-angle  coordinates 

form  in  the  horizontal  direction,  x,  and  consider  only  mo-  z -  . 

tion  in  the  vertical  direction,  y.  Consider  one-dimensional  ^  “  V2/3J  cos  <p  y'  =  — (8) 

phase  space  distributions  ipi  and  t/'z  of  the  two  beams  a  a  .  -u  ^  ■  ,  . ,  , 

which  are  nonnalized  to  unity.  Then  the  impulse  from  the  f 

second  (first)  on  the  first  (second)  beam  is  ''f  ‘  the  Imeanzed  beam-beam  kick  from  ^o-  We 

choose  a  smooth  approximation  in  which  q  =  0.  Forming 
Ay{  2  =  1  {y,  s)  (1)  combinations  for  the  a-  and  the  tr-mode  f±  = 

Aipi  ±  AiI)2,  eqn.  5  can  be  decoupled  and  rewritten  in 
where  we  define  action-angle  coordinates  as 

4?! TVr  f  ^ I  ^ 1 — Tt —  . 

Ii>iy,s)  =  — J  dysgn{y-y)  J  dy'ipiy,^ ,s)  (2)  'P  d<t>  ^  V  =  0  (9) 

— oo  — oo 

assuming  that  V’o  =  V'o(^)- In  order  to  stay  consistent  with 

and  N  is  the  number  of  particles  per  unit  width  in  x  and  our  approximations  we  still  have  to  linearize  the  remaining 
Te  the  classical  radius  of  the  electron.  The  equations  de-  integral.  In  the  following  discussion  we  omit  the  label  ±. 
scribing  the  motion  of  ipi^2  are  given  by  the  two  Vlasov 

EQUILIBRIUM  DISTRIBUTION 

+  y'  _  Ki^s)y—f  -  When  the  interaction  term  in  eqn.  3  is  not  considered  any 

differentiable  distribution  which  depends  solely  on  J  is  an 
^^<5  (v  s]=0  (3)  equilibrium  distribution.  In  general  tpo  will  be  a  function 

Qyi  p  2,1  )  of  both  J  and  <f>,  though.  Fortunately,  an  arbitrary  differ- 

We  want  to  determine  whether  the  beam  is  stable.  That  is,  "if"  an  equilibrium  distribution  at  least 

we  want  to  know  if  small  perturbations  of  the  phase  space  f  ^  after  introducing  the  peitmbed  betatron 

density  grow.  Thus,  we  choose  a  perturbative  ansatz  ^  equilibrium  distnbution 

•>Pi,2  =  ■00  ±  A0i,2  (4)  0o(j)  =  -^eri  (10) 

where  0o  is  the  equilibrium  distribution,  i.e.  a  solution  of  since  in  the  presence  of  damping  and  quantum  excitation 
eqn.  3  with  0i(2/,?/',s)  =  02(?/,2/^s)  =  0o(2/,2/O-  Sub-  the  beam  distribution  naturally  tends  to  a  Gaussian  distri- 
stituting  eqn.  4  into  eqn.  3,  subtracting  eqn.  3  written  for  bution. 


the  equilibrium  distribution  and  neglecting  the  term  which 
is  a  product  of  two  perturbations  we  find 

9A0i,2  ,  _  ,^A0i,2  5A0i,2^,  , 

- 

,  .  ,  dxbn 

^pis)-^lAt2.i  =  0  (5) 


A2/1,2  =  -ii,2,i{y,s) 


where  we  define 


00  oo 

^"kNt  f  C 

I^{y,s)  =  ~^  J  dysgn{y-y)  J  dy'i!{y,f  ,s)  (2) 

—  OO  — oo 

and  N  is  the  number  of  particles  per  unit  width  in  x  and 
re  the  classical  radius  of  the  electron.  The  equations  de¬ 
scribing  the  motion  of  0i^2  are  given  by  the  two  Vlasov 
equations 

501,2  ,  ..,501,2  ,  501,2 

^r«5p(s)/v-2,i(2/.s)  =0  (3) 

We  want  to  determine  whether  the  beam  is  stable.  That  is, 
we  want  to  know  if  small  perturbations  of  the  phase  space 
density  grow.  Thus,  we  choose  a  perturbative  ansatz 

01,2  =  00  ±  A0i,2  (4) 
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Figure  1:  Stability  diagram  forn  =  0,  Z  =  —  2 . . .  2 

SOLVING  THE  EQUATIONS  OF  MOTION 

We  expand  the  linearized  version  of  eqn.  9  using  the 
ansatz 

f{J,<f>,s)  =  Yl9n'i‘{s)e-iLn>  f-)  (11) 

n't'  ^  ^  / 

where  the  n’-th  Laguerre  polynomial  is  denoted  by  L„>  and 
the  summation  runs  from  0  to  oo  for  n'  and  from  -oo  to 
00  for  I'.  Substituting  eqn.  10  and  eqn.  11  into  eqn.  9  we 
obtain  eqn.  12 

COHERENT  BEAM-BEAM  INSTABILITY 

We  solve  the  ODE  12  and  rewrite  the  solution  in  ma¬ 
trix  form  such  that  the  beam  transport  after  one  turn  is  de¬ 
scribed  by  a  matrix  T  which  acts  on  a  column  vector  G  that 
contains  all  g-^x,  i.e.  G{C)  =  TG(0)  and  parametrize  the 
beam-current  by  introducing  the  tune  shift  parameter 
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Figure  2:  Stability  diagram  forn  =  0 . . .  2,  Z  =  -2 . . .  2 
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Figure  3:  Absolute  value  of  the  largest  eigenvalue  vs.  per- 
turbed  tune.  Light  grey  points  indicate  unstable  Z  =  ±1 
modes,  medium  grey  and  dark  grey  points  indicate  unsta¬ 
ble  Z  =  ±2  modes.  The  following  modes  were  included: 
n  =  0,  Z  =  -2 . . .  2 
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(13) 


where  13*  denotes  the  beta  function  at  the  interaction  point. 
In  order  to  decide  whether  the  system  is  stable  or  not  we 
have  to  find  out  what  happens  to  an  arbitrary  initial  pertur¬ 
bation  after  a  large  number  of  turns,  i.e.  one  needs  to  con¬ 
sider  the  limit  where  N  — >  oo.  Every  matrix  norm  of 
the  latter  quantity  tends  to  infinity  if  the  absolute  value  of 
all  eigenvalues  of  T  are  bigger  than  1. 


RESULTS  AND  DISCUSSION 

In  Fig.  1  and  2  we  have  drawn  a  point  if  the  absolute 
value  of  all  eigenvalues  of  T  is  smaller  or  equal  1  for  both 
the  a-  and  the  rr-mode.  The  first  and  second  order  reso¬ 
nances  can  be  recognized  clearly.  Resonances  of  orders 
higher  than  2  cannot  be  expected  in  our  linearized  model. 
From  the  diagrams  we  conclude  that  the  inclusion  of  ra¬ 
dial  modes  tends  to  stabilize  the  beam.  In  Fig.  3  and  4 
we  determine  which  mode  becomes  unstable  by  selecting 


the  biggest  component  of  the  eigenvector  which  is  associ¬ 
ated  with  the  largest  eigenvalue.  The  plot  shows  that  in  the 
absence  of  dynamics  in  the  radial  direction  Z  =  ±1  and 
Z  =  ±2  modes  become  unstable  in  the  vicinity  of  i/  =  0.5, 
but  in  Fig.  4  only  Z  =  ±1  modes  are  excited  around 
i'  =  0.5.  Furthermore,  the  unstable  Z  =  ±2  modes  which 
accumulate  in  the  vicinity  of  i/  =  0.25  and  i/  =  0.75  are 
attenuated.  Therefore,  the  radial  motion  leads  to  a  damping 
of  the  Z  =  ±2  modes. 

In  Fig.  5  we  computed  the  phase  of  the  largest  eigen¬ 
value  of  Z  =  ±2  instabilities  (cr-mode  only)  versus  the  per¬ 
turbed  tune  for  various  Aix.  The  slope  of  the  two  lower 
lines  is  2  which  indicates  that  the  collective  oscillation  fre¬ 
quency  of  the  quadmpole  mode  is  twice  the  single  particle 
oscillation  frequency.  In  Fig.  6  the  spread  is  significantly 
lower.  In  an  unstable  region  the  imaginary  part  of  the  high¬ 
est  eigenvalue  vanishes  which  causes  those  characteristic 
plateaus. 
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Figure  4:  Same  as  Fig.  3,  but  forn  =  0 . . .  1,  /  =  -2 . . .  2 


0.4  0.6  o.a 


Figure  5;  Phase  vs.  perturbed  tune  forn  =  0,  1  =  ±2 
modes  (cr-mode  only). 


Figure  6:  Phase  vs.  perturbed  tune  forn  =  0 . . .  1,  /  =  ±2 
modes. 


POSSIBLE  EXTENSIONS 

We  have  extended  our  model  to  accotmt  for  damping 
by  synchrotron  radiation.  In  order  to  obtain  the  equilib¬ 
rium  distribution  10  quantum  excitation  must  be  included 
as  well.  This  turns  eqn.  3  into  a  Fokker-Planck  equation. 
In  our  preliminary  computations  we  found  that  the  graphs 
we  presented  above  remain  unchanged  for  realistic  values 
of  the  damping  and  excitation  coefficients.  To  simplify  the 
Fokker-Planck  equation  we  averaged  over  the  phases  in  the 
damping  and  excitation  terms  but  not  in  the  beam-beam 
interaction  term.  Tbis  can  be  justified  since  the  betatron 
phases  in  the  terms  for  damping  and  quantum  excitation 
change  during  one  turn  while  the  phase  in  the  interaction 
term  changes  only  once  per  turn. 

Higher  order  resonances  can  be  studied  by  not  lineariz¬ 
ing  the  integral  in  eqn.  9  and  assuming  that  /±  contains 
only  one  radial  mode.  However,  this  procedure  is  compli¬ 
cated  by  the  fact  that  eqn.  10  is  not  an  equilibrium  any¬ 
more.  Ignoring  these  problems  one  can  obtain  plots  similar 
to  Fig.  1  with  higher  order  resonances.  For  accelerators 
with  different  tunes  for  the  rotating  and  counter-rotating 
beam  a  bigger  transfer  matrix  which  describes  the  evolu¬ 
tion  of  the  Qni  for  both  beams  can  be  derived  easily. 
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Abstract 

The  development  of  frequency  map  analysis  in  particle 
accelerators  is  reviewed.  In  many  examples,  the  frequency 
map  is  folded  at  large  amplitudes.  The  fold  is  a  singularity 
in  the  frequency  map  that  induces  a  change  of  the  signa¬ 
ture  of  the  torsion.  When  the  torsion  is  non  definite,  the 
dynamical  behavior  of  the  beam  needs  to  be  studied  very 
precisely,  as  directions  of  fast  escape  may  occur. 


INTRODUCTION 

Frequency  map  analysis  (FMA)  was  introduced  for  the 
demonstration  and  understanding  of  the  chaotic  behavior 
of  the  Solar  System  [1],  that  can  be  considered  as  a  dynam¬ 
ical  system  with  ZN  degrees  of  freedom  (DOF),  where  N 
is  the  number  of  the  planets.  The  method  applies  more 
generally  to  any  Hamiltonian  system  or  symplectic  map 
(eventually  with  some  small  dissipation)  [2,  3,  4].  It  is 
particularly  interesting  for  systems  of  DOF  larger  than  2, 
when  a  simple  surface  of  section  fails  to  provided  a  global 
view  of  the  dynamics  of  the  system.  FMA  is  now  largely 
used,  from  studies  on  atomic  physics  [5]  to  galactic  dynam¬ 
ics  [6,  7,  8,  9,  10].  The  application  to  particle  accelerator 
dynamics  was  very  natural  [1 1],  as  the  motion  of  a  single 
particle  in  a  storage  ring  is  usually  described  in  a  surface  of 
section  of  the  beam  by  a  symplectic  map  of  dimension  4,  or 
eventually  of  dimension  6  when  the  synchrotron  oscillation 
is  also  taken  into  account.  Since,  FMA  has  been  applied  to 
many  machines,  providing  in  each  case  a  picture  ID  of  the 
dynamics  of  the  beam  [12,  13,  14,  15,  16,  17].  Reviews  of 
the  method  with  demonstrations  of  its  convergence  for  reg¬ 
ular  trajectories  can  be  found  in  [18,  19,  20].  Here,  after  a 
brief  recall  of  the  main  aspects  of  FMA,  we  will  focus  on 
the  implications  of  folds  that  appear  in  several  examples  of 
frequency  maps. 


FREQUENCY  MAPS 

Although  FMA  is  not  a  perturbative  theory,  it  is  useful 
to  describe  its  properties  for  a  Hamiltonian  close  to  inte- 
grable,  where  a  rigorous  setting  can  be  derived.  Let  us 
thus  consider  a  n-DOF  Hamiltonian  system  in  the  form 
=  Ho{I)  +  eHi{I,0),  where  H  is  real  analytic 
for  canonical  variables  (1, 0)  e  B'^  x  T",  B"  is  a  domain 
of  K”  and  T"  is  the  n-dimensional  toms.  For  e  =  0,  the 
Hamiltonian  reduces  to  Ho{I)  and  is  integrable.  The  equa¬ 


tions  of  motion  are  then  for  all  y  =  1 , . . . ,  n 


OHojl) 

dij 


(1) 


The  motion  in  phase  space  takes  place  on  tori,  products  of 
circles  with  radii  Ij,  which  are  described  at  constant  veloc¬ 
ity  I'jil).  If  the  system  is  nondegenerate,  that  is  if 


the  frequency  map 


(2) 


F  ;  B”  — >  K" 

(7)  -.(!/) 

is  a  diffeomorphism  (one  to  one  smooth  map)  on  its  image 
Q,  and  the  tori  are  as  well  described  by  the  action  variables 
(I)  €  B"  or  by  the  frequency  vector  {u)  e  fl.  For  a  non¬ 
degenerate  system,  KAM  theorem  [21]  still  asserts  that  for 
sufficiently  small  values  of  £  ,  there  exists  a  Cantor  set  He 
of  values  of  (u),  satisfying  a  Diophantine  condition  of  the 
form 


|<  k,u>\  =  \kivi  -I- . . .  +  >  Ks/\kf"  (4) 

for  which  the  perturbed  system  still  possesses  smooth  in¬ 
variant  tori  with  linear  flow  (the  KAM  tori).  Moreover, 
these  tori  that  survive  on  a  totally  discontinuous  set  of  ini¬ 
tial  conditions  are  still  properly  ordered  in  some  sense  as, 
according  to  Poschel  [22],  there  exists  a  diffeomorphism 

$:T"  xfi— .T"  xB";  (5) 

which  is  analytical  with  respect  to  (p,  C°°  in  u,  and  on 
T"  X  fie  transforms  the  Hamiltonian  equations  into  the  triv¬ 
ial  system 

!>j=0,  =  (6) 

If  we  fix  0  6  T"  to  some  value  6  =  Oo,  we  obtain  a  fre¬ 
quency  map  on  B"  defined  as 


Fso  :  B"  — >  fl 

(7) 

j  _^(j,)=p2($-1(0o,7)) 

where  p2  is  the  projection  on  fl  (p2{<l>,  u)  =  u).  For  suf¬ 
ficiently  small  e,  the  torsion  condition  (2)  ensures  that  the 
frequency  map  is  still  a  smooth  diffeomorphism. 


0-7803-7738-9/03/$17.00  ©  2003  IEEE 


378 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


FREQUENCY  MAP  ANALYSIS 

The  FMA  method  relies  heavily  on  the  observation  that 
when  a  quasiperiodic  function  f{t)  is  given  numerically 
over  a  finite  time  span  [-r,r],  it  is  possible  to  recover 
its  fundamental  frequencies  in  a  very  precise  way,  several 
orders  of  magnitude  more  precisely  than  by  simple  Fourier 
analysis.  Indeed,  let 

f(t)  =  +  Y,  ,  Cfc  e  C  (8) 

fc€Z"-(l,0 . 0) 

be  a  KAM  quasiperiodic  solution  of  our  Hamiltonian  sys¬ 
tem,  where  the  frequency  vector  (i/)  satisfies  a  Diophan- 
tine  condition  (4).  The  frequency  analysis  algorithm  NAFF 
will  provide  an  approximation  f'{t)  =  0^6*“*^*  of 

/  (f)  from  its  numerical  knowledge  over  a  finite  time  span 
[— r,  T]  .  The  frequencies  Uk  and  complex  amplitudes 
are  computed  through  an  iterative  scheme.  In  order  to  de¬ 
termine  the  first  frequency  wi,  one  searches  for  the  max¬ 
imum  amplitude  of  ^((t)  ==  (/(f),  e“*)  where  the  scalar 
product  (/(f),  g{t))  is  defined  by 

{m,g{t))  =  ^  ,  .  (9) 

and  where  x(f)  is  a  weight  function.  Once  the  first  periodic 
term  is  found,  its  complex  amplitude  oi  is  obtained 
by  orthogonal  projection,  and  the  process  is  restarted  on  the 
remaining  part  of  the  function  /i(f)  =  /(f)  -  aie'“i*.  For 
a  KAM  quasiperiodic  solution  (8),  the  computed  frequency 
uf  converges  very  rapidly  towards  the  true  frequency  i/i  as 
[19,  20] 

i/i  -  i/f  =  0{^^)  (10) 

where  p  is  the  order  of  the  cosine  window  Xp{t)  = 
2P(p!)2  (l-bcos  nt)P/ (2p) !  used  in  (9).  To  construct  numer¬ 
ically  a  frequency  map,  we  will  fix  all  initial  angles  Oi  = 
9io,  and  for  each  initial  action  values  (/)  =  (/i, . . . , 7„), 
integrate  numerically  the  trajectories  over  a  finite  time  in¬ 
terval  of  length  T.  The  fundamental  frequencies  (u)  are 
computed  by  the  previous  (NAFF)  algorithm,  for  all  initial 
actions  (7),  and  we  thus  construct  a  correspondence ; 

(11) 

7  —  (r.) 

that  converges  towards  Fe^  as  T  — >  -t-oo.  This  map  will 
thus  be  regular  on  the  set  of  regular  trajectories,  and  when¬ 
ever  its  appears  to  be  non  regular,  it  will  reveal  the  exis¬ 
tence  of  chaotic  orbits  (see  [3,  18,  19]  for  more  details). 
In  practice,  to  study  the  dynamics  of  a  beam,  in  a  given 
surface  of  section  corresponding  to  a  starting  location  on 
the  lattice,  one  can  fix  the  two  transverse  momenta,  and  in¬ 
tegrate  the  trajectories  with  a  tracking  code  for  a  network 
of  initial  conditions  spanning  both  horizontal  and  vertical 
directions  (Fig.l). 


Figure  1:  Frequency  map  for  an  ideal  lattice  of  the  ALS. 
The  initial  conditions  are  taken  over  a  mesh  in  the  hori¬ 
zontal/a;)  and  vertical  direction  (y)  (bottom),  and  the  cor¬ 
responding  frequencies  are  plotted  in  the  frequency  plane 
(top).  The  color  indicates  the  regularity  of  the  orbits :  from 
blue  (very  regular),  to  red  (very  chaotic),  while  the  absence 
of  a  dot  means  that  the  particle  escaped.  This  allows  to  eas¬ 
ily  relate  the  resonant  features  observed  in  the  frequency 
space  to  regions  of  the  physical  space  [1 1, 12, 16] 

EXPERIMENTAL  FREQUENCY  MAPS 

The  first  frequency  maps  that  were  made  [11]  used  nu¬ 
merical  models  of  an  ideal  lattice  (Fig.l).  But  errors  in 
the  magnets,  misalignments,  and  all  breakings  of  the  lat¬ 
tice  symmetry  will  in  general  reduce  considerably  the  sta¬ 
ble  part  of  the  beam  by  increasing  the  strength  of  the  non- 
linearities  and  number  of  dangerous  resonances.  A  large 
effort  has  been  made  at  the  ALS  to  measure  precisely  these 
defects  [23]  and  the  resulting  frequency  map  provides  a 
more  realistic  vision  of  the  current  machine  [12,  13,  17]. 
Nevertheless,  the  most  critical  way  to  check  the  real  dy¬ 
namical  behavior  of  a  beam  remains  the  construction  of  an 
experimental  frequency  map  [24,  25, 13,  26]. 

In  order  to  realize  such  a  map,  fast  pinger  magnets  are 
used  to  kick  the  beam  horizont^ly  and  vertically  in  order 
to  span  the  phase  space  in  both  directions.  The  beam  posi¬ 
tion  is  recorded  using  turn  by  turn  beam  position  monitors, 
and  the  resulting  data  is  analyzed  using  firequency  analysis 
algorithms.  The  first  complete  experimental  frequency  map 
was  realized  at  the  ALS  (Fig.2),  probing  the  importance  of 
coupling  resonances  of  high  order  in  the  actual  behavior  of 
the  beam,  with  an  amazing  agreement  with  the  numerical 
model  [13]. 
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Figure  2:  Experimental  frequency  map  (a),  and  numerical 
simulation  (b)  for  the  ALS  with  its  current  settings.  Reso¬ 
nances  of  order  <  5  are  plotted  with  dotted  lines  [13] . 


FOLDED  FREQUENCY  MAPS 

In  several  examples,  the  frequency  map  appears  to  be 
folded.  This  occurs  when  the  terms  of  higher  degrees  in  the 
Hamiltonian  become  dominant  over  the  quadratic  terms  as 
the  amplitude  increases  [15, 27, 17].  Sometimes  this  occurs 
as  the  sextuploles  strength  have  been  adjusted  in  order  to 
avoid  some  resonant  lines  that  are  thought  to  be  dangerous, 
or  merely  as  the  result  of  beam-beam  interactions  [15]  (Fig. 
3).  In  order  to  better  understand  the  implications  of  this 
folded  map,  we  need  to  look  more  closely  to  the  torsion. 

The  torsion  matrix  (a  generalization  of  tune-shift  with 
.  amplitude),  is  defined  as  the  Jacobian  matrix 


V  91^  ) 


(12) 


If  we  remove  the  linear  terms  of  the  Hamiltonians  by  a 
proper  change  of  variable,  and  limit  its  expansion  to  the 


Horizontal  Tune 


Figure  3:  Frequency  map  of  a  beam-beam  interaction  sim¬ 
ulation  for  the  LHC  [15]. 


lower  orders,  the  Hamiltonian  becomes 

H  =  M I  +  oil"^)  +  0(s) ,  (13) 


where  F  is  the  transpose  of  I.  For  a  fixed  energy  value 
h,  even  in  presence  of  chaotic  diffusion,  the  variations  of 
the  actions  will  thus  be  limited  hy  F  M I  tv  2h  =  Cte, 
and  in  an  equivalent  way,  when  considering  the  frequen¬ 
cies,  (u)  tv  M  X  (I),  the  diffusion  of  the  frequencies  will 
fulfill 

«  2/i  =  Cte  (14) 


where  is  a  symmetric  2x2  matrix  for  a  typical  ac¬ 
celerator  dynamics,  when  the  synchrotron  oscillation  is  ne¬ 
glected.  It  is  known  that  when  the  torsion  M  is  the  matrix 
of  a  definite  quadratic  form,  finite  time  stability  results  ex¬ 
ist,  that  do  not  persist  in  case  of  non  definite  torsion  [28]. 
This  can  be  understood  as  in  case  of  non-definite  torsion, 
the  isotropic  directions  of  the  quadratic  form  M  will  lead 
to  directions  of  fast  escape  : 

Let  M-i  =  r®  The  vector  V  =  (a;,  j/)  is  an 


isotropic  direction  if  V'^M~'^V  =  ax^  -b  2cxy  +  hy^  =  0. 
The  discriminant  ofthis  equation  in  a;  is  A  =  y^{c'^-ab)  = 
—y^  det(M~^).  Thus,  if  det(M)  >  0,  we  have  A  <  0  : 
the  quadratic  form  is  definite  and  there  are  no  isotropic  di¬ 
rections.  On  the  contrary,  when  det(M)  <  0,  A  >  0  and 
there  are  2  isotropic  directions,  that  will  act  as  asymptotes 
for  the  diffusion  of  the  frequencies.  The  different  behavior 
of  the  diffusion  for  definite  or  non  definite  torsion  is  illus¬ 


trated  in  Figs.  4a,b.  In  both  figures,  the  dynamical  system 
is  very  similar  but  Fig.4a  will  correspond  to  a  quadratic 
Hamiltonian  of  the  form  H+ tv  If  +  /|,  while  Fig.4b  has 
non  definite  torsion  (H_  tv  if  —  If).  The  chaotic  zones  are 
very  similar,  but  for  H+,  the  trajectories  remain  bounded 
over  10^  iterations  while  for  the  resonance  1  :  1  is  a 
direction  of  fast  escape,  as  the  motion  of  the  frequencies 
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tend  to  bring  them  closer  to  this  resonanee  line  while  for 
H+  the  diffusion  of  the  frequencies  tends  to  make  them 
escape  the  resonance. 


0.15  0.16  0.17 


Figure  4:  (a)  Diffusion  of  the  orbits  in  a  symplectic  map 
of  dimension  4  with  definite  torsion.  The  background  is 
the  image  by  the  frequency  map  of  a  regular  mesh  of  initial 
eonditions  in  the  action  plane,  obtained  with  only  500  iter¬ 
ations,  while  the  three  trajectories  Oi,  O2,  Os  are  obtained 
by  following  the  frequencies  over  10 turns,  and  reveal  the 
actual  diffusion  of  the  chaotic  trajectories  in  the  frequency 
plane.  [3].  (b)  Diffusion  with  non  definite  torsion.  The 
dynamical  system  is  similar  as  in  figure  4a,  but  the  system 
has  now  non  definite  torsion.  The  chaotic  trajectories  in  the 
frequency  plane  now  follows  hyperbolic  trajectories,  with 
occasionally  a  fast  direction  of  escape  (here  the  resonance 
(1:1))  [19]. 


Folded  maps 

As  the  signature  of  the  torsion  is  associated  to  the  deter¬ 
minant  of  the  Jacobian  matrix,  it  becomes  easy  to  under- 


Figure  5:  folded  frequency  map.  The  determinant  of  the 
torsion  matrix  is  zero  on  the  fold,  and  its  sign  changes  on 
each  side  of  the  fold,  as  well  as  the  signature  of  the  torsion. 


stand  the  torsion  behavior  for  a  2-dimensional  frequency 
map.  First  let  us  recall  that  for  a  map,  the 

only  singularities  that  generically  occur  are  folds  or  cusps 
[29].  In  all  cases,  the  folds  correspond  to  locations  where 
the  determinant  of  the  Jacobian  matrix  M  is  null.  If  the  tor¬ 
sion  is  definite  in  the  center  part  of  the  beam,  as  required  to 
ensure  its  maximum  stability,  the  torsion  will  become  non- 
definite  after  the  fold  which  can  lead  to  directions  of  fast 
diffusion  (Fig.5).  One  should  thus  analyze  very  carefully 
the  dynamical  behavior  after  a  fold.  If  the  trajectories  in 
the  considered  region  are  very  regular,  no  significant  diffu¬ 
sion  will  occur,  and  there  may  also  be  small  chaotic  regions 
where  the  diffusion  is  limited  by  the  presence  of  neighbor¬ 
ing  regular  regions,  as  in  figure  4b,  but  one  needs  to  check 
very  carefully  that  no  region  of  fast  escape  (as  the  1:1  res¬ 
onance  in  Fig.  4b)  are  present  in  the  operating  condition  of 
the  machine. 

In  fact,  if  there  are  directions  of  fast  escape,  these  may 
be  detected  with  traditional  tracking  of  the  particles,  but  in 
cases  of  a  double  folded  frequency  map  (Fig.6),  the  track¬ 
ing  may  not  reveal  any  escape,  as  the  possible  unstable  or¬ 
bits  resulting  from  non-definite  torsion  are  still  bounded  by 
the  region  of  definite  torsion  that  lays  after  the  second  fold. 
One  should  be  aware  that  these  designs  are  potentially  very 
unstable.  Indeed,  in  a  real  machine,  the  existence  of  er¬ 
rors  in  the  lattice  will  decrease  significantly  the  stable  zone 
of  the  beam.  The  outer  part  of  the  beam  may  thus  be  de¬ 
stroyed,  leading  to  possibility  of  escape  for  the  particles  in 
the  non-definite  torsion  region,  and  the  only  usable  part  of 
the  beam  will  remain  the  inner  region  with  definite  torsion. 
It  is  clear  that  in  this  case,  all  the  efforts  made  in  the  design 
to  avoid  some  resonant  lines  by  bending  the  frequency  map 
become  totally  vain. 

Additionally,  some  analytical  computation  of  the  torsion 
could  also  be  useful  for  the  determination  of  the  possible 
isotropic  directions  and  the  design  of  a  lattice  for  which 
they  are  not  harmful. 
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Abstract 

Operation  of  high-intensity  rings  requires  minimal  beam 
loss.  Among  numerous  effects  which  contribute  to  losses  in 
rings,  the  interplay  of  excited  resonances  is  typically  an  un¬ 
avoidable  source  of  halo  and  beam  loss.  Such  resonances 
can  be  driven  by  space  charge  itself,  magnet  errors  or  a 
combined  effect  of  both.  In  this  paper  we  review  several 
resonant  effects  which  can  limit  beam  intensity  in  a  cir¬ 
cular  machine.  The  space-charge  limit  and  selection  of  a 
working  point  in  the  ring  are  also  discussed. 

INTRODUCTION 

In  general,  beam  loss  can  be  separated  into  a  design  (or 
technical)  and  a  beam  dynamics  part.  A  control  of  the  beam 
loss  which  falls  under  the  design  can  be  very  challenging. 
In  addition,  various  effects  of  beam  dynamics  give  signif¬ 
icant  contribution  to  the  beam  loss,  lypically,  the  max¬ 
imum  achievable  intensity  is  limited  by  beam  dynamics 
which  dominates  high-intensity  operation,  including  vari¬ 
ous  space-charge  effects,  collective  instabilities,  etc.  As  far 
as  radioactivation  at  high  intensity  is  concerned,  if  the  col¬ 
lective  instability  occurs,  then  further  operation  is  not  pos¬ 
sible.  This  requires  finding  a  cure  for  the  instability  either 
by  implementing  some  design  changes  or  by  damping  the 
instability.  In  this  paper,  we  discuss  the  beam  loss  due  to 
another  fundamental  intensity-stopper  in  the  AG  rings  -  the 
resonances.  An  overview  of  the  specifics  for  the  resonant 
driven  beam  loss  at  high-intensity  is  given.  Here,  the  term 
”high-intensity”  is  used  in  reference  to  conventional  syn¬ 
chrotrons  and  storage  rings.  The  intensity  is  described  by 
a  depression  of  the  betatron  tunes  due  to  the  space-charge 
forces.  Such  a  tune  depression  is  defined  as  tj  =  iz/j/q, 
where  v  is  the  space-charge  depressed  tune,  and  vq  is  the 
zero-current  tune.  The  main  focus  of  this  paper  is  a  conven¬ 
tional  ring  where  achievable  tune  depression  is  relatively 
weak  7)  =  0.9-  0.98,  so  that  one  can  treat  the  space-charge 
effect  as  a  perturbation  which  leads  to  a  small  shift  Ai/g,,  of 
the  betatron  tunes  (i/  «  z/q  -  with  Az/^c  <  z/q).  In 
linear  accelerators,  the  words  ’’high  intensity”  usually  refer 
to  rj  <  0.8.  In  another  class  of  circular  accelerators  where 
special  measures  are  undertaken  to  compensate  emittance 
growth  due  to  resonance  crossing  (such  as  cooler  rings),  the 
tune  depression  can  be  very  strong,  with  the  definition  of 
the  space-charge  limit  corresponding  to  an  ultimately  cold 
beam  t?  0. 

•Work  supported  by  the  SNS  through  UT-Battelle,  LLC,  under  con- 
tract  DE-AC05-00OR22725  for  the  U.S.  Department  of  Energy. 


BEAM  LOSS  AND  HALO  MECHANISMS 

An  uncontrolled  beam  loss  typically  occurs  due  to  a  halo 
surrounding  the  beam  core.  Not  surprisingly,  there  are 
many  mechanisms  which  contribute  to  halo  generation  in 
both  linear  and  circular  accelerators  [1].  The  task  is  to 
identify  the  most  important  of  them  and  come  up  with  pos¬ 
sible  cures.  Most  of  the  effects  which  are  important  mecha¬ 
nisms  for  halo  production  in  linear  accelerators  are  also  rel¬ 
evant  to  rings.  However,  due  to  a  significant  difference  in 
the  regimes  of  the  tune  depression,  the  time  scale  (growth 
rates)  of  the  space-charge  driven  effects  becomes  very  dif¬ 
ferent.  There  are  also  some  ring-specific  mechanisms  due 
to  the  possibility  of  accumulating  some  effects  over  succes¬ 
sive  turns,  as  well  as  due  to  a  longer  storage  time. 

SPACE-CHARGE  RESONANCES 

We  refer  to  the  space-charge  resonances  as  those  which 
are  driven  by  the  space-charge  potential  itself  rather  than 
the  field  potential  of  the  magnets.  Their  importance  was 
first  shown  by  Montague  for  the  coupling  resonance  [2]: 

2z/*  -  2z/j,  =  0,  (1) 

where  the  factor  of  2  in  front  of  z/j,,,  reflects  the  driving 
coupling  term  in  the  space-charge  potential,  making 
it  a  fourth-order  resonance.  This  resonance  can  occur  even 
for  a  lattice  without  any  perturbation  since  it  requires  only 
zero-th  harmonic  in  the  Fourier  component  of  the  pertur¬ 
bation.  Due  to  the  fact  that  this  resonance  is  a  difference 
symmetric  resonance,  such  coupling  can  lead  to  significant 
halo  only  for  a  beam  with  unequal  emittances.  A  detailed 
analytic  analysis  of  this  type  of  resonance  was  recently  pre¬ 
sented  using  collective  beam  dynamics  in  connection  with 
high-current  transport  systems  [3].  There,  one  can  have  a 
ratio  of  the  transverse  and  longimdinal  tunes  which  is  very 
different  from  unity  thus  allowing  the  possibility  of  a  non¬ 
linear  asymmetric  (n^  riy)  coupling  resonance  with  sig¬ 
nificant  energy  exchange  between  the  two  planes: 

tZjfZ^j,  =  0,  (2) 

in  the  single-particle  approximation,  or  more  generally  [3]: 

rixVx+nyUy-t- Au  =  0,  (3) 

based  on  the  approach  of  collective  dynamics,  where  the 
Aw  represent  an  additional  shift  with  respect  to  the  de¬ 
pressed  incoherent  tunes,  and  the  integers  nx,ny  can  be 
positive  or  negative. 
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Collective  coupling  resonances 

Until  recently,  an  analytic  treatment  of  the  space-charge 
coupling  resonances  in  rings  was  limited  to  a  single¬ 
particle  approach,  although  computer  simulations  were 
able  to  provide  a  more  accurate  description  [5],[4].  An 
assumption  of  constant  beam  size  and  frozen  beam  po¬ 
tential  in  a  typical  analysis  does  not  accurately  describe 
the  resonant  beam  behavior.  This  was  realized  long  ago 
[6],  and  an  analytic  approach  of  collective  beam  dynam¬ 
ics  was  used  by  Sacherer  to  describe  beam  response  to  the 
one-dimensional  resonances  [7].  An  extension  to  the  two- 
dimensional  isotropic  beams  was  formulated  by  Gluckstem 
[8]  and  for  more  realistic  anisotropic  beams  by  Hofmann 
[3].  The  latter  allowed  a  direct  application  to  circular  ac¬ 
celerators  where  the  beams  are  typically  non-round  with 
different  transverse  emittances,  and  to  linacs,  where  one 
can  have  significantly  different  focusing  constants  (tunes) 
in  different  planes.  This  made  it  possible  to  put  the 
space-charge  coupling  resonances  in  2-D  into  a  more  self- 
consistent  framework  of  coherent  resonances  for  collec¬ 
tive  beam  modes  [3].  In  conjunction  with  particle  simu¬ 
lation  codes,  these  analyses  allowed  exploration  of  the  pa¬ 
rameter  space  of  the  focusing  constants  in  linear  acceler¬ 
ators  with  the  finding  that  nonequipartitioned  beams  can 
avoid  emittance  exchange  as  long  as  they  are  not  near  the 
stopbands  of  the  space-charge  coupling  resonances  [9].  In 
fact,  such  a  recommendation  to  avoid  the  space-charge  cou¬ 
pling  resonances  is  usual  in  rings.  The  dfference  is  that 
in  linacs  one  can  have  very  different  focusing  constants, 
which  requires  consideration  of  many  asymmetric  space- 
charge  coupling  resonances  with  the  zero-th  harmonic  of 
the  perturbation.  In  AG  rings,  however,  the  betatron  tunes 
are  typically  not  very  different  from  one  another,  thus  leav¬ 
ing  the  symmetric  Montague  resonance  as  the  resonance 
with  the  zero-th  harmonic.  Recently,  the  study  of  such 
a  resonance  in  rings,  using  the  theory  of  collective  beam 
modes,  was  presented  [10].  Other  resonances  are  possible 
when  the  driving  force  comes  from  the  space-charge  po¬ 
tential  while  the  resonant  harmonic  results  from  the  lattice 
periodicity  which  makes  the  nonlinear  asymmetric  space- 
charge  coupling  resonances  important  in  rings  as  well  [4]. 
When  these  effects  are  studied  for  a  weak  tune  depression, 
it  is  important  to  remember  that  the  dynamic  rates  of  these 
effects  depend  on  the  tune  depression  (this  effect  makes  it 
a  primary  concern  in  high-intensity  linear  accelerators). 

Intrinsic  incoherent  resonances 

The  oscillating  space-charge  force  can  also  lead  to  an¬ 
other  class  of  resonances  where  individual  particles  in¬ 
side  the  beam  can  get  into  resonance  with  an  oscillating 
beam  mode.  These  resonances  are  referred  to  as  intrin¬ 
sic  or  incoherent  resonances  of  the  individual  particles. 
Such  a  parametric  resonance  mechanism  was  suggested  as 
one  of  the  dominant  effects  for  halo  generation  in  linacs 
[11].  Some  literature  on  this  subject  can  be  found,  for 
example,  in  Ref.  [12].  In  recent  years,  existence  of  self- 
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Figure  1 :  Incoherent  resonance  of  individual  particles  with 
the  3rd  order  driven  collective  beam  mode. 

consistent  three-dimensional  computer  codes  allowed  sys¬ 
tematic  studies  of  this  mechanism  for  realistic  beam  distri¬ 
butions  [13],[14],[9]. 

Such  resonances  between  the  motion  of  the  individual 
particles  and  eollective  beam  oscillations  are  governed  by 
the  rms  beam  mismatch.  For  example,  in  the  case  of  a  uni¬ 
form  density  beam  envelope,  which  is  oscillating  with  the 
frequency  fl  and  the  mismatch  parameter  p,  the  equation 
of  motion  for  the  individual  particle  has  the  form 

2/C 

x"  q^x  =  p—x  cos  flO,  '  (4) 

where  k  is  the  space-charge  parameter,  and  -  /c/cq 

is  the  depressed  incoherent  frequency  without  the  approx¬ 
imation  of  small  space  charge.  This  equation  has  a  pri¬ 
mary  parametric  resonance  at  9  =  Q/2.  When  higher  order 
terms  are  included,  one  also  gets  the  non-linear  parametric 
resonances  [15].  The  halo  extent  associated  with  the  1  :  2 
parametric  resonance  was  extensively  smdied  for  the  enve¬ 
lope  modes  in  high-current  linacs.  It  is  straightforward  to 
show  analytically,  that  for  a  small  p,  the  halo  extent  (finite 
due  to  the  nonlinearity  omitted  from  Eq.  4)  has  a  linear  de¬ 
pendence  on  p  and  a  very  weak  dependence  on  the  space- 
charge  parameter.  In  fact,  the  halo  extent  associated  with 
this  resonance  is  large  not  only  for  a  strong  tune  depres¬ 
sion  of  the  order  of  77  ~  0.5  (typical  for  linacs)  but  also 
for  tune  depression  of  only  a  few  percent  r)  ~  0.97  (typical 
for  rings).  However,  in  the  limit  of  zero  space  charge,  the 
motion  near  the  core  is  very  regular,  and  the  rate  at  which 
particles  are  driven  into  the  1:2  resonance  becomes  very 
small.  As  a  result,  for  space  charge  with  77  ~  0.98,  it  takes 
significantly  more  time  for  the  particles  to  be  trapped  into 
the  1:2  resonance  [16]. 

The  rate  of  halo  development  (which  is  a  function  of  both 
the  mismatch  parameter  and  tune  depression)  becomes  the 
most  important  question  when  one  tries  to  estimate  an  ef¬ 
fect  of  such  a  parametric  resonance  on  halo  formation  in 
rings.  In  addition,  when  applied  to  accumulator  rings,  one 
should  take  into  account  many  other  effects  such  as  the  fact 
that  the  beam  intensity  is  not  a  constant  during  accumu¬ 
lation,  the  phase-mixing  effect  due  to  multi-tum  injection, 
etc.  [16].  Taking  into  account  all  these  effects,  simulations 
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for  the  SNS  ring  showed  that  this  intrinsic  resonance  may 
not  be  a  problem  [17]. 

The  incoherent  resonances,  which  were  discussed  above, 
and,  which  are  also  known  as  the  mechanism  for  the  “para¬ 
metric  halo”,  did  not  require  any  resonances  with  the  lattice 
since  the  collective  oscillation  was  induced  by  a  mismatch. 
In  rings,  however,  such  collective  beam  modes  may  have 
a  fast  excitation  as  a  result  of  both  the  space  charge  and 
machine  resonances.  The  resonances  of  the  individual  par¬ 
ticles  with  such  driven  collective  beam  modes  are  called 
“driven  incoherent  resonances”,  since  the  collective  modes 
are  resonantly  driven  (Fig.  1).  In  such  a  situation,  the  inco¬ 
herent  resonances  may  play  an  important  role  in  halo  for¬ 
mation  even  in  the  limit  of  weak  tune  depression,  as  will  be 
discussed  in  the  following  sections. 

MACfflNE  RESONANCES  AND  SPACE 
CHARGE 

The  beam  loss  associated  with  lattice  driven  resonances 
is  typically  the  dominant  one  in  conventional  high-intensity 
rings.  When  choosing  the  operating  point  in  the  tune  space, 
one  carefully  avoids  resonances  driven  by  the  lattice  peri¬ 
odicity,  which  are  referred  to  as  structure  resonances.  How¬ 
ever,  the  unavoidable  presence  of  errors  in  the  magnetic 
field  imposes  a  restriction  associated  with  the  imperfection 
resonances.  Although  technically  such  resonances  are  not 
the  space-charge  induced  resonances  since  they  are  driven 
by  the  lattice  harmonics,  space  charge  plays  an  important 
role  here  as  well.  First,  it  creates  the  problem  since  the 
tunes  are  depressed  by  the  space  charge  towards  the  reso¬ 
nances.  On  the  other  hand,  the  space  charge  introduces  an 
effective  nonlinearity  which  changes  the  beam  response  to 
the  resonances. 

Collective  beam  response 

A  single-particle  approach  with  a  frozen  beam  potential 
was  introduced  to  study  effects  of  the  space-charge  tune 
depression  in  the  tune  space  [18].  This  approach  was  later 
generalized  to  include  the  effect  of  the  wall  images  [19]. 
It  was  quickly  noted  that  the  space-charge  potential  can  it¬ 
self  change  in  a  response  to  the  external  time  dependent 
perturbation  [6].  To  include  this  effect,  the  resonance  re¬ 
sponse  required  a  treatment  of  collective  beam  dynamics 
[7],  which  takes  into  account  the  fact  that  the  space-charge 
force  depresses  not  just  the  single-particle  frequencies  but 
also  the  collective  modes  of  the  beam  oscillation.  As  a  re¬ 
sult,  the  response  to  an  external  perturbation  occurs  when 
the  tune  of  the  corresponding  collective  mode  is  depressed 
towards  the  resonance  condition.  An  extensive  study  of 
these  effects  recently  reemerged  due  to  the  increasing  in¬ 
terest  in  high-power  circular  accelerators  [20]-[21].  Al¬ 
though  availability  of  powerful  computer  codes  allowed 
one  to  study  these  effects  self-consistently  with  the  predic¬ 
tion  of  beam  loss  due  to  the  space-charge  and  imperfection 
resonances  fora  specific  accelerator  [4],  [22],  the  theory  of 


X  tune 

Figure  2;  Time  spread  of  a  2MW  SNS  beam:  only  space- 
chaige  spread  (green),  space  charge  plus  dp/p  =  1% 
(pink).  The  tune-box  is  chosen  free  from  the  structure  res¬ 
onances.  The  imperfection  resonances  for  the  2nd,  3rd  and 
4th  orders  are  shown  in  red,  black  and  blue,  respectively. 

collective  resonant  response  provided  a  good  tool  in  under¬ 
standing  the  beam  behavior  observed  in  simulations. 


6.1  6.2  63  64  63 

X  tune 


Figure  3:  Horizontal  distribution  of  the  depressed  tunes, 
corresponding  to  the  tune-spread  shown  in  Fig.  1 . 


Integer  and  half-integer  collective  response 

In  general,  in  the  case  of  non-linear  imperfection  errors 
one  needs  to  consider  the  tune  values  near  the  correspond¬ 
ing  non-linear  resonances.  The  excited  high-order  modes 
respond  to  the  imperfection  harmonics  according  to 

n  —  ^rrii  (5) 

which  is  the  coherent  resonance  condition  for  any  order 
beammode  flm  =  derivedbySacherer[7]. 

To  derive  such  condition  for  m  >  2  modes,  one  needs  to 
use  either  the  high-order  moment  equations  or  the  Vlasov 
equation.  In  addition,  the  effect  of  periodic  focusing  adds 
the  possibility  of  the  collective  modes  resonating  at  half- 
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integer  values,  which  corresponds  to  the  parametric  (half¬ 
integer)  resonance  [23]: 

7i/2  =  flm.  (6) 

For  completeness,  we  note  that  in  the  absence  of  non-linear 
imperfections,  the  periodic  oscillation  of  the  high-order 
modes  are  well  defined  so  that  the  condition  n  =  no 
longer  applies  [23],  and  stability  is  determined  solely  by 
the  parametric  condition  n/2  =  (see  Ref.  [26]  for 
discussion).  This  effect  becomes  dominant  in  high-current 
transport  channels  or  cooler  rings,  if  the  imperfections  are 
not  important.  With  the  harmonic  n  now  standing  for  the 
structure  harmonic,  the  beam  encounters  a  whole  set  of  the 
instabilities  of  the  corresponding  collective  modes  in  the 
process  of  the  space-charge  tune  depression.  Such  insta¬ 
bilities  were  first  numerically  explored  in  connection  with 
the  transport  channels  [24],  and  recently  were  analytically 
described  using  the  terminology  of  the  resonances  with  an 
application  to  cooler  rings  [23]. 

Space-charge  limit 

A  restriction  imposed  by  the  integer  and  half-integer 
single-particle  tune  values  C’space-charge  limit”)  can  be 
written,  using  the  self-consistent  condition  in  Eq.  5  (for  the 
case  of  linear  perturbations),  as 

n  =  na  =  2i/o  -  An2,«,  (7) 

where  CI2  is  the  frequency  of  the  2nd  order  coherent  mode 
of  beam  oscillations  (beam  envelopes).  The  effect  of  the 
periodic  focusing  adds  the  possibility  of  a  parametric  reso¬ 
nance  of  the  beam  envelopes 

n/2  =  n2,  (8) 

also  known  as  the  ’’envelope  instability”  [25].  According 
to  Eq.  8,  the  envelope  instability  can  limit  the  allowable 
tune  space  to  only  0.25.  This  may  have  an  impact  on  the 
performance  of  a  high-intensity  machine.  The  situations 
when  such  an  envelope  instability  should  be  considered, 
and,  whether  it  can  alter  the  space-charge  limit  governed 
by  the  Eq.  7,  are  discussed  in  [26].  If  such  a  parametric  res¬ 
onance  is  driven  by  the  imperfection  errors,  the  resonance 
is  expected  to  be  very  narrow,  and  the  envelope  growth  is 
detuned  at  a  very  low  level  due  to  the  nonlinearity  [21].  In 
fact,  this  is  why  the  effect  of  the  envelope  instability  was 
found  to  be  negligible  in  rings,  provided  that  the  tune-box 
is  chosen  free  of  the  stracture  resonances,  and  only  the  im¬ 
perfection  harmonics  are  of  a  concern  [26]. 

Tune  spread,  resonance  crossing  and  halo  growth 

The  dependence  of  frequency  on  amplitude  introduces 
an  important  asymmetric  feature  in  resonance  crossing. 
Depending  on  the  sign  of  the  nonlinearity,  the  frequency 
can  grow  or  decay  as  the  amplitude  increases.  In  the  case 


of  the  nonlinearity  due  to  the  space-charge,  one  gets  a  fre¬ 
quency  increase  with  amplitude.  As  a  result,  when  the  reso¬ 
nance  is  crossed  in  the  direction  in  which  the  peak  intensity 
in  the  bunch  is  decreasing,  the  beam  will  experience  a  sud¬ 
den  large  (but  finite)  jump  in  oscillation  amplitude.  If  an 
error  term,  driving  the  resonance,  is  not  very  big,  and  there 
is  sufficient  aperture  to  accommodate  such  oscillations,  one 
can  cross  the  resonance  in  this  direction  with  relatively  low 
losses.  On  the  other  hand,  when  the  resonance  is  crossed 
in  the  direction  in  which  the  peak  intensity  is  increasing 
(for  example,  due  to  beam  bunching  or  due  to  a  multi -turn 
injection),  this  results  in  an  adiabatic  increase  of  the  os¬ 
cillation  amplitude  at  resonance  crossing.  As  a  result,  the 
high-intensity  crossing  of  resonances  in  this  direction  with¬ 
out  significant  beam  loss  may  be  possible  only  with  proper 
correction  [27]. 


Another  important  feature  of  resonance  crossing  with 
space  charge  (when  the  peak  intensity  is  increasing)  is  that 
small  amplitude  particles  within  the  beam  core  experience 
the  largest  tune  shifts.  A  typical  tune  spread  of  a  2MW 
beam  in  the  SNS  is  shown  in  Fig.  2,  where  the  tune  spread 
in  a  bunched  beam  solely  due  to  the  space-charge  is  shown 
with  a  green  color  while  the  total  tune  spread  with  an  addi¬ 
tional  dp/p  =  1%  is  shown  with  a  pink  color.  In  Fig.  3,  the 
corresponding  single-particle  tune  distribution  is  shown, 
for  example,  in  the  horizontal  direction.  The  resonances  are 
first  crossed  with  small-amplitude  particles.  Already  the 
single-particle  approximation  shows  that  the  current  can  be 
further  increased  until  the  resonance  condition  is  reached 
by  the  large-amplitude  particles.  A  more  self-consistent 
description  can  be  obtained  via  a  collective  approach  for  a 
beam  with  a  non-linear  distribution.  In  this  case,  the  par¬ 
ticles  with  small  amplitudes  are  depressed  below  the  reso¬ 
nance.  At  a  critical  intensity  one  gets  a  coherent  resonant 
response.  The  frequency  of  the  corresponding  collective 
oscillation  is  increasing  with  amplitude  so  that  the  large- 
amplitude  particles  can  be  trapped  into  the  resonance  with 
the  corresponding  oscillating  beam  mode  (Fig.  1).  Some 
insights  into  the  mechanisms  of  particle  trapping  into  the 
islands  and  thus  corresponding  emittance  growth,  can  be 
obtained  analytically  with  an  appropriate  treatment  of  the 
nonlinear  terms  which  provide  bounded  motion  [28].  How¬ 
ever,  other  important  effects  like  the  redistribution  process 
due  to  resonance  crossing,  the  dynamical  redistribution  as 
a  result  of  multi-turn  injection,  the  longitudinal  effects  of 
a  bunched  beam,  etc,  cannot  be  included  analytically  in  a 
simple  way.  As  a  result,  a  more  self-consistent  description 
is  obtained  with  realistic  simulations.  One  of  such  impor¬ 
tant  dynamic  effects  is  shown,  for  example,  in  Fig.  4.  Due 
to  emittance  increase,  the  effective  space-charge  depres¬ 
sion  becomes  smaller,  which  allows  a  further  increase  in 
the  intensity  with  a  further  subsequent  growth  of  the  emit¬ 
tance  which  can  be  seen  as  a  saturation  of  the  maximum 
tune  shifts  in  the  tune  diagram. 
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Figure  4:  Space-charge  tune  spread  of  a  bunched  beam  in 
the  SNS  for  three  beam  intensities;  N  =  2  ■  10*^  (red), 
3  •  10^'*  (pink)  and  4  ■  10^^  (green)  protons  in  the  beam. 

Selection  of  working  point  in  high-intensity  rings 

Selection  of  a  working  point  in  a  high-intensity  ring  re¬ 
quires  careful  consideration  of  both  the  space-charge  and 
lattice  driven  resonances.  First,  tune-box  which  is  free 
from  structure  resonances  is  selected.  Then  one  consid¬ 
ers  whether  the  space-chaige  coupling  resonances  may  give 
undesirable  effects,  which  depends  on  the  tune  splitting  and 
the  ratio  of  the  emittances  in  different  planes.  The  best 
point  is  typically  below  the  1/4  tunes  which  minimizes 
loss  due  to  the  high-order  resonances.  The  harmonic  2n 
for  an  integer  n  below  the  fractional  tune  of  0.25  and  the 
harmonic  n  for  the  half-integern/2  tune  below  0.75  prefer¬ 
ably  should  be  the  imperfection  harmonics,  which  may  al¬ 
low  a  space-charge  shift  in  excess  of  the  incoherent  value  of 
0.25.  If  the  working  point  is  selected  above  the  low-order 
nonlinear  resonaces  (1/4  and  1/3  tune  values),  then  all  the 
required  correctors  should  be  available  for  an  independent 
correction  of  these  resonances.  In  the  latter  case,  the  exact 
level  of  loss  will  depend  on  the  nature  of  the  resonance,  the 
beam  intensity,  the  correction  scheme,  etc. 

Resonance  correction  for  high-intensity 

The  theory  of  imperfection  resonances  and  their  correc¬ 
tion  was  developed  based  on  the  motion  of  single  parti¬ 
cles.  As  a  result,  it  was  successfully  applied  when  space- 
charge  effects  are  negligible.  In  the  absence  of  a  good  phys¬ 
ical  picture  of  the  space-charge  effects  in  resonance  cross¬ 
ing,  any  unsuccessful  correction  of  a  resonance  for  high- 
intensity  operation,  can  be  easily  blamed  on  complicated 
space-charge  effects.  Now  that  we  have  some  analytic  un¬ 
derstanding  of  the  space-charge  effects  in  resonance  cross¬ 
ing  and  more  importantly,  the  tools  of  the  self-consistent 
computer  simulations,  we  may  attempt  to  resolve  some  of 
the  questions  related  to  the  correction  of  the  nonlinear  res¬ 


onances  for  high  intensity  [27].  Our  conclusion  is  that  one 
can  provide  good  correction  for  the  nonlinear  imperfection 
resonances  even  for  high-intensity  operation. 
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Abstract 


MEASUREMENT  CAMPAIGN 


Recently  a  novel  approach  to  the  problem  of  multi-turn 
extraction  was  proposed.  It  consists  of  splitting  the  beam 
by  adiabatic  capture  inside  stable  islands  created  in  the 
transverse  phase  space  by  sextupoles  and  octupoles.  Nu¬ 
merical  simulations  indicate  that  such  a  technique  should 
be  feasible  and  potentially  superior  to  the  method  presently 
used  at  the  CERN  Proton  Synchrotron.  During  2002,  in¬ 
tense  efforts  were  devoted  to  the  experimental  verification 
of  this  newly  proposed  extraction  mode.  Finally,  beam  cap¬ 
ture  into  the  islands  was  observed.  In  this  paper,  the  ex¬ 
traction  principle  is  briefly  reviewed  and  the  experimental 
results  are  presented  and  discussed  in  detail. 


INTRODUCTION 

With  the  approval  of  the  CERN  Neutrino  to  Gran  Sasso 
Project  [1],  efforts  were  devoted  to  the  feasibility  study  of 
an  intensity  upgrade  of  the  Proton  Synchrotron  (PS)  and 
Super  Proton  Synchrotron  (SPS)  complex  [2].  A  delicate 
point  in  the  present  scheme  for  the  beam  generation  is  the 
multi-tum  extraction  from  PS  to  SPS,  the  so-called  Contin¬ 
uous  Transfer  (CT)  [3].  Due  to  the  difference  in  circum¬ 
ference,  Csps  =  llCps,  and  given  the  constraint  of  min¬ 
imising  the  SPS  filling  time,  the  beam  is  extracted  from  the 
PS  over  five  turns  in  two  consecutive  cycles.  This  is  ob¬ 
tained  by  means  of  an  electrostatic  septum,  used  to  slice  the 
beam,  and  a  proper  choice  of  the  horizontal  tune  (6.25)  (see 
Refs.  [3, 4]  for  more  details).  The  main  drawbacks  of  this 
technique  are  the  intrinsic  losses  on  the  electrostatic  sep¬ 
tum  and  the  poor  betatron  matching  of  the  five  slices  [4], 
which  in  turn  might  transfer  into  injection  losses  into  the 
SPS. 

Recently,  an  alternative  method  was  proposed,  where  the 
beam  is  split  in  the  transverse  phase  space  by  means  of 
adiabatic  capture  inside  stable  islands  [5,  6]  (see  Fig.  1  for 
typical  simulation  results).  The  new  technique  would  allow 
overcoming  the  bottlenecks  of  the  present  extraction  mode. 
Not  only,  beam  losses  are  reduced  to  almost  zero,  but  also 
the  phase  space  matching  is  highly  improved  (see  Ref.  [4] 
for  a  comparative  analysis  of  the  two  approaches). 
Following  the  positive  results  of  the  numerical  simulations, 
further  simulation  studies  were  carried  out  to  get  more  in¬ 
sight  in  the  capture  process  [7],  as  well  as  experimental 
measurements  to  asses  the  feasibility  of  this  new  extraction 
mode. 


Machine  and  Instrumentation  Modifications 

To  generate  the  stable  islands  used  to  capture  the  beam, 
nonlinear  elements,  such  as  sextupoles  and  octupoles,  are 
needed.  To  this  aim  two  sextupoles  were  installed  in  the 
ring,  as  well  as  two  octupoles:  elements  of  the  same  type 
are  connected  in  series  to  provide  the  necessary  strength 
and  each  pair  is  powered  independently. 


Beam  disMbution  after  20000  nuns  (42  ms) 
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Figure  1 :  Results  of  the  numerical  simulations  for  the  adi¬ 
abatic  capture  inside  stable  islands  (left:  final  pahse  space 
distribution,  right:  projected  beam  distribution  onto  hori¬ 
zontal  axis). 

Two  types  of  measurements  are  needed,  namely  phase 
space  measurement  and  beam  profile  measurement  during 
the  various  stages  of  the  beam  capture.  The  first  one  re¬ 
quires  a  multi-tum  measurement  of  the  beam  position  using 
two  beam  position  monitors  90°  apart  in  phase  space  [8].  A 
new  acquisition  system,  based  on  a  fast  digitiser,  was  devel¬ 
oped  [9,  10].  The  beam  profile  measurement  was  obtained 
with  a  flying  wire  scanner  device  [11]  currently  available 
in  the  PS  ring.  A  schematic  layout  of  the  PS  ring  including 
the  newly  installed  elements  as  well  as  other  key  devices 
for  the  adiabatic  beam  capture  tests  described  in  this  paper 
is  shown  in  Fig.  2. 

Phase  Space  Measurement 

The  new  extraction  mode  requires  a  precise  control  of 
the  islands’  position  and  size.  Hence,  a  good  knowledge  of 
the  phase  space  stracture  is  of  uttermost  importance. 

The  technique  used  is  the  standard  one,  i.e.  the  beam  tra¬ 
jectory  is  perturbed  by  means  of  a  kicker  magnet  (notably 
the  one  normally  used  to  fast  extract  the  beam)  and  beta¬ 
tron  oscillations  are  observed  on  two  pickups  90°  apart. 
To  overcome  some  difficulties  due  to  the  islands’  phase 
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Figure  2;  Layout  of  the  PS  machine  including  the  key  ele¬ 
ments  for  the  test  of  adiabatic  capture.  Other  elements  (not 
shown  here)  are  involved  in  the  final  stage  of  the  five-turn 
extraction. 


at  the  kicker  location,  two  kicks  separated  by  three  turns, 
which  is  the  minimum  delay  due  to  hardware  limitations, 
were  used,  thus  allowing  to  scan  along  the  diagonal  in 
phase  space.  During  the  measurements  the  special  sex- 
tupoles  and  octupoles  were  set  to  their  computed  values, 
i.e.  K2  =  1.04  m“^  and  =  127.95  m”^,  where 
Ki  =  Lj  (Bo  p)  d'Byjdx'’  are  the  sextupolar  and  octupo- 
lar  integrated  gradients.  These  measurements  are  strongly 
affected  by  beam  de-coherence.  In  fact,  as  the  beam  po¬ 
sition  monitors  measure  the  centre  of  gravity  of  the  beam 
charge  distribution,  the  detected  signal  fades  out  after  some 
turns.  Special  care  was  taken  to  minimise  such  an  ef¬ 
fect.  In  particular,  a  low-intensity  (about  6x10^^  protons), 
single-bunch  beam  was  chosen  to  have  small  emittances, 
defined  as  =  I3'ial^^/0h,v<  namely  e*h  «  2  pm, 
e*v  «  1.5  /im  and  Ap/p  «  1.5  x  10“^.  This  choice  allows 
scanning  better  the  phase  space  structures,  also  avoiding 
filamentation  in  the  transverse  plane,  and  hence  signal  de¬ 
coherence.  Furthermore,  due  to  the  plain  FOFDOD  struc¬ 
ture  of  the  PS  lattice,  no  location  with  zero  dispersion  ex¬ 
ists,  implying  that  the  dedicated  sextupoles  and  octujxtles 
have  a  strong  chromatic  effect,  leading  to  a  measured  value 
of  ih  =  Q'hlQh  1-7  and  fs  0.6.  After  a  careful  tun¬ 
ing,  the  chromaticity  was  reduced  to  «  0. 1  and  «  0.9 
(see  Ref.  [12]  for  more  details  on  this  point).  Also,  the  rf- 
voltage  was  decreased  to  reduce  Ap/p  to  about  0.4  x  10“^. 
The  main  results  of  the  phase  space  measurement  campaign 
are  shown  in  Fig.  3.  The  various  plots  refer  to  different 
kick  amplitudes.  In  the  first  portrait,  regular  motion  rep¬ 
resented  by  circular  phase  space  trajectories  is  visible  and 
signal  de-coherence  is  also  apparent.  As  the  the  kick  am¬ 
plitude  is  further  increased,  fourth-fold  symmetrical  trajec¬ 
tories  appear:  the  beam  is  kicked  inside  the  stable  islands 
of  the  fourth-order  resonance.  A  rather  strong  signal  de¬ 
coherence  is  revealed  by  the  curly-shaped  beam  trajectory, 
spiralling  towards  the  origin.  In  principle,  particles  inside 
the  islands  should  generate  a  coherent,  albeit  small,  signal 
lasting  over  a  long  period.  The  strong  de-coherence  can  be 
explained  by  assuming  that  time-dependent  effects  make 
the  islands  moving  in  phase  space.  This  is  the  case  when 
tune  ripple  is  present  or  when  considerable  coupling  be¬ 
tween  longitudinal  and  transverse  degrees-of-freedom  in¬ 


duce  tune  modulation  via  chromaticity.  In  fact,  it  turned 
out  that  the  improvement  of  the  quadmpoles  power  sup¬ 
plies  made  it  possible  to  cure  completely  the  problem. 
Finally,  it  is  worthwhile  pointing  out  that  the  results  shown 
in  Fig.  3  are  in  reasonable  agreement  with  the  model  of  the 
PS  machine  and  with  the  phase  space  topology  assumed  in 
the  numerical  simulations  [5,  6]. 


Figure  3:  Horizontal  normalised  phase  space  measured 
with  the  multi-tum  system  (about  1.5  x  10®  turns  are  plot¬ 
ted). 

Adiabatic  Capture 

After  having  verified  that  the  main  ingredients,  namely 
stable  islands,  were  present  in  the  phase  space  for  the  nomi¬ 
nal  parameters  used  in  numerical  simulations,  the  first  tests 
of  adiabatic  capture  were  undertaken.  To  this  aim,  the  hor¬ 
izontal  tune  was  swept  through  the  fourth-order  resonance 
to  induce  and  observe  the  trapping  phenomenon.  The  hori¬ 
zontal  emittance  was  increased  (e*^  w  12  pm)  to  simnlatp 
a  high-intensity  beam,  the  other  beam  parameters  being  un¬ 
changed.  The  experimental  conditions  are  shown  in  Fig.  4, 
where  the  horizontal  tune,  the  strength  of  the  nonlinear  el¬ 
ements,  and  the  beam  intensity  are  plotted  as  a  function  of 
time.  When  the  strength  of  the  nonlinear  elements  levels 
out,  the  beam  momentum  is  14  GeV/c  and  the  magnetic 
field  is  constant:  the  power  supplies  are  rather  slow,  impos¬ 
ing  to  start  ramping  during  acceleration.  The  initial  value 
of  the  tune  is  chosen  near  the  fourth-order  resonance,  then  a 
linear  change  is  applied,  during  which  the  capture  of  beam 
particles  inside  islands  occurs.  The  final  value  of  the  tune 
is  varied  for  different  beam  profile  measurements  to  change 
the  islands’  separation.  As  far  as  the  beam  intensity  is  con¬ 
cerned,  some  minor  losses  are  visible  during  the  ramping 
of  the  nonlinear  elements,  while  during  the  actual  trapping 
no  sign  of  losses  is  visible. 
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Time  (ms) 


Figure  4:  Experimental  conditions  during  the  tests  for  adi¬ 
abatic  capture  inside  stable  islands. 


CONCLUSIONS  AND  OUTLOOK 

The  first  tests  of  adiabatic  beam  trapping  inside  stable  is¬ 
lands  proved  that  the  capture  process,  already  observed  in 
numerical  simulations,  occurs  also  in  real  machines.  Beam 
splitting  in  five  beamlets  was  detected  and  their  separation 
measured  as  a  function  of  the  final  value  of  the  horizontal 
tune.  Further  tests  are  planned  to  study  the  dependence  of 
the  beam  parameters  on  the  speed  of  the  tune  variation  (adi- 
abaticity),  and  on  sextupole  and  octupole  strengths.  Then 
it  will  be  cmcial  testing  this  novel  approach  using  higher- 
intensity  bunches  as  well  as  multi-bunch  beams.  Of  course, 
actual  five-turn  extraction  will  be  also  tested  during  the 
2003  experimental  campaign. 


The  main  results  are  shown  in  Fig.  5,  where  the  beam 
profile  measured  by  the  flying  wire  scanner  is  shown  for 
different  values  of  the  final  tune. 


Figure  5:  Horizontal  beam  profile  measured  by  a  flying 
wire  scanner,  for  different  final  values  of  the  tune.  The 
first  profile  represents  the  initial  beam  distribution,  when 
no  capture  occurs.  The  choice  of  the  gain,  optimised  for  the 
subsequent  stages  of  adiabatic  capture,  explains  the  signal 
saturation. 


The  first  profile  is  the  reference  picture:  the  tune  is 
changed,  but  as  the  nonlinear  elements  are  switched  off  no 
effect  on  the  beam  distribution  is  visible.  The  other  pictures 
differ  by  the  value  of  the  final  tune:  the  nonlinear  elements 
are  switched  on  and  three  additional  peaks  are  clearly  vis¬ 
ible,  whose  separation  increases  as  the  tune  is  varied.  One 
should  keep  in  mind  that,  although  the  beam  is  split  in  five 
beamlets  [5,  6],  the  wire  scanner  measures  the  projection 
onto  the  x-axis  (see  also  Fig.  1),  therefore,  the  central  peak 
is  higher  than  the  others  as  it  represents  the  superposition 
of  three  beamlets. 
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Abstract 

Single  particle  dynamics  in  the  storage  ring  can  be  sig¬ 
nificantly  influenced  by  strong  nonlinearities  from  long  and 
strong-field  insertion  devices.  This  paper  reports  our  pre¬ 
liminary  results  on  the  dynamics  impact  of  the  24  m  long 
OK5  FEL  in  the  Duke  ring.  Initial  studies  are  performed 
using  an  intermediate  lattice  with  two  OKS  wigglers.  The 
dynamic  aperture  is  computed  using  a  recently  developed 
symplectic  wiggler  integrator  and  the  frequency  map  tech¬ 
nique,  NAFF.  We  have  observed  significant  dynamic  aper¬ 
ture  reduction  due  to  OKS  wigglers  at  lower  beam  energies. 
We  also  report  our  preliminary  findings  on  the  means  to  im¬ 
prove  beam  dynamics  with  wigglers. 

1  INTRODUCTION 

The  Duke  storage  ring  is  designed  as  a  dedicated  driver 
for  Free  Electron  Lasers  (FELs).  The  first  operational 
FEL  on  the  Duke  ring  is  the  8-meter  long  OK4  FEL 
with  two  planar  wigglers  [1],  originally  designed  for  the 
VEPP-3  storage  ring  at  Budker  Institute  of  Nuclear  Physics 
(BINP),  Russia.  Since  1998,  the  OK4  FEL  has  demon¬ 
strated  broad  tuneability  from  2.1  /im  to  194  hm.  Operat¬ 
ing  in  both  continuous-wave  (CW)  and  giant  pulse  modes, 
the  OK4  FEL  has  been  used  in  medical,  biological,  chemi¬ 
cal,  and  surface  science  research.  Operating  in  a  two-bunch 
mode,  the  OK4  FEL,  via  Compton  scattering,  also  serves 
as  a  driver  for  a  linearly  polarized  monochromatic  gamma 
source  in  a  wide  energy  range  from  0.7  MeV  to  58  MeV. 

TTie  capabilities  of  the  OK4  FEL  are  limited  in  two  main 
areas:  (1)  the  relatively  small  gain  limits  the  shortest  las¬ 
ing  wavelength;  (2)  the  strong  on-axis  synchrotron  radia¬ 
tion  from  the  linearly  polarized  wigglers  causes  significant 
mirror  damage.  To  overcome  these  limitations,  a  next  gen¬ 
eration  FEL,  a  variably  polarized  24-meter  long  OK5  FEL 
system,  has  been  specially  designed  to  increase  the  FEL 
gain,  to  reduce  the  on-axis  radiation,  and  to  match  the  high 
quality  of  the  electron  beam  in  the  storage  ring. 

The  OKS  FEL  system  [2]  consists  of  four  4-meter  long 
wigglers  and  three  bunchers.  Each  wiggler  is  comprised 
of  two  electro-magnetic  pole-tip  arrays,  one  vertical  and 
one  horizontal,  shifted  for  a  quarter  of  the  wiggler  period 
with  respect  to  each  other.  By  controlling  the  horizontal 
and  vertical  magnetic  fields  independently  via  two  power 
suppliers,  the  OKS  wigglers  can  be  configured  to  produce 
radiation  with  various  polarizations,  from  linear  and  ellip¬ 
tical  polarizations  to  left  and  right  circular  polarizations. 

The  overall  performance  of  the  Duke  storage  ring  de¬ 
pends  critically  on  the  dynamic  aperture.  A  large  momen- 

*Woik  Supported  by  DOE  grant  DE-FG05-91ER40665  and  DoD 
MFEL  Program  as  managed  by  the  AFOSR,  grant  F49620-00 1-0370. 

t  wu@fel.duke.edu,  1-919-660-2654  (phone). 


turn  dynamic  aperture  helps  increase  the  beam  lifetime  and 
extends  the  no-loss  mode  of  gamma-ray  operation  to  higher 
energies.  A  large  transverse  dynamic  aperture  is  essential 
for  injection,  especially  for  the  future  top-off  injection  with 
a  booster  ring  while  operating  the  OKS  FEL.  At  a  low  beam 
energy,  the  dynamic  aperture  can  be  significantly  altered 
by  OKS  wigglers  with  strong  nonlinearities.  The  dynamics 
impact  of  OKS  wigglers  is  the  main  focus  of  this  paper. 

2  OKS  FEL  LATTICES 

The  Duke  FEL  storage  ring  is  a  race-track  stmcture  com¬ 
prised  of  two  compact  180-degree  arcs  and  two  34.21  m 
long  straight  sections.  One  of  the  two  straights  is  dedicated 
to  driving  FEL  light  sources.  This  straight  section  lattice  is 
designed  with  bilateral  symmetry  to  host  the  present  OK4 
FEL.  To  achieve  the  additional  flexibility  required  for  the 
OKS  FEL  operation,  the  new  straight  section  lattice  [3]  has 
been  redesigned  using  a  combination  of  quad  doublets  and 
triplets.  Each  triplet  cell  includes  a  quadrupole  triplet  (QF- 
QD-QF),  a  buncher,  and  an  OKS  wiggler.  The  three  triplet 
quads  are  individually  powered  to  provide  compensations 
for  linear  focusing  changes  due  to  varying  OKS  settings. 
Two  quad  doublets  are  used  to  match  the  /?-functions  be¬ 
tween  the  arc  and  OKS  lattice.  A  comparison  of  OKS  and 
OK4  wiggler  parameters  is  shown  in  Table  1. 


Table  1:  Comparison  of  OK4  and  OKS  wiggler  parameters. 


OK4FEL 

OKS  FEL 

Total  wiggler  length  [m] 

6.7 

16.16 

No.  of  wigglers 

2 

4 

No.  of  periods  per  wiggler 

33.5 

33 

Wiggler  periods  [cm] 

10 

12 

Wiggler  gap  [mm] 

22.6 

40  X  40 

Peak  magnetic  field  [kGs] 

5.3 

3.0 

Max.  wiggler  K  = 

- EE _ fci.. 

4.9 

3.4 

The  exact  length  of  the  triplet  cell  is  chosen  to  be 
6.71625  m,  exactly  a  sixteenth  of  the  ring  circumference, 
in  order  to  produce  gamma-rays.  When  operated  with  8 
equally  spaced  bunches,  the  maximum  number  of  collision 
points  are  five:  three  at  the  center  of  the  defocusing  quad 
in  the  triplet  and  two  in  the  matching  sections.  Each  triplet 
employs  four  sets  of  horizontal  and  vertical  orbit  correctors 
to  individually  control  collision  points  in  the  quads. 

With  this  triplet  design,  the  OKS  lattice  is  very  flexible 
to  allow  a  wide  range  of  /?-functions  at  the  center  of  wig¬ 
glers.  In  fact,  and  I3y  can  be  tuned  from  4  m  to  10  m 
in  arbitrary  combinations.  By  adjusting  quads  in  the  FEL 
straight,  the  betatron  beating  due  to  changing  OKS  settings 
can  be  fully  compensated,  resulting  in  small  residual  tune 
changes  {max{dv^^y)  <  0.007).  A  typical  OKS  triplet  lat- 
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tice  is  shown  in  Fig.  1,  resulting  in  a  set  of  vertical  OKS 
wiggler  arrays  energized. 


3  WIGGLER  MODEL 

The  circularly  polarized  field  of  OKS  wigglers  is  ex¬ 
pressed  as  the  superposition  of  two  sets  of  linearly  polar¬ 
ized  wiggler  fields  generated  by  two  independent  wiggler 
arrays.  For  example,  the  horizontally  polarized  light  is  gen¬ 
erated  by  the  vertical  wiggle  array.  Its  field  is  described  by 
a  set  of  wiggler  harmonics  with  the  mid-plane  symmetry  as 
follows: 

Cmn  cos(A:x/2:)  cosh(fcy77iy)  cos(A:27i2: -1- 027i), 

m,n 

Bx  =  Sm{kxlx)s,m\l{kymy)cOS{kznZ  +  6zn), 


Figure  1:  Dispersion-free  OKS  FEL  lattice  at  1  GeV.  Pow¬ 
ered  as  horizontal  wigglers,  the  maximum  field  in  the  OKS 
is  2.5  KGs.  The  solid  and  dashed  lines  are  fix  and  Py  re¬ 
spectively.  At  the  center  of  the  wiggler,  =  Py  =  Am. 


Length  [m] 


Ek 

Cmn-rp-  COs{kxlx)  sinh(fcymj/)  sin(A:2n2:  -I-  6zn), 


where,  Cmn  are  the  amplitudes  of  wiggler  harmonics, 
^ym  ^xl  "f  ^zn  ~  ~  27r/Aiy,  and  Q^n 

are  the  relative  phases  of  wiggler  harmonics.  The  magnetic 
field  of  a  vertically  polarized  wiggler  generated  by  the  hor¬ 
izontal  wiggler  array,  By{x,y,  z),  can  be  expressed  in  the 
similar  manner  by  interchanging  the  arguments  x  and  y  in 
the  above  expression.  When  the  iron  saturation  is  not  sig¬ 
nificant,  the  general  wiggler  field  in  a  variably  polarized 
OKS  wiggler  can  be  expressed  as  the  sum  of  the  two  lin¬ 
early  polarized  fields: 

B(x,y,z)  =  a  Bii(x,y,z)  +b  By(x,y,z+  ^), 

where  -1  <  o  <  1  and  — 1  <  6  <  1.  For  example,  to 
produce  circularly  polanzed  ramation,  o  =  6  =  1. 


Figure  2:  /^-functions  for  the  Duke  ring  with  two  OKS  wig¬ 
glers  located  at  the  center  of  the  FEL  straight  (Px  =  2.14, 
Py  =  3.75  m).  The  beam  energy  is  300  MeV  and  OKS 
wigglers  are  circularly  polarized  with  a  peak  field  of  1.8 
kG  for  each  wiggler  array.  The  solid  and  dashed  lines  are 
Px  and  Py  respectively. 

The  long  OKS  wigglers  are  expected  to  significantly  al¬ 
ter  the  beam  dynamics  in  the  ring.  To  minimize  dynamics 
risk  associated  with  OKS  wigglers,  an  incremental  upgrade 
plan  has  been  developed  with  its  first  phase  to  test  two  OKS 
wigglers.  One  of  possible  scenarios  is  to  install  two  OKS 
wigglers  in  the  present  location  of  OK4  wigglers  in  an  in¬ 
termediate  lattice.  To  cover  a  range  of  gamma-ray  energies 
and  polarizations,  three  operation  modes  of  this  lattice  have 
been  investigated: 

1.  a  1  GeV  lattice  for  the  production  of  100  MeV  circu¬ 
larly  polarized  gamma  beams; 

2.  a  300  MeV  lattice  for  the  production  of  2  MeV  circu¬ 
larly  polarized  gamma  beams; 

3.  a  300  MeV  lattice  for  the  production  of  2  MeV  lin¬ 
early  polarized  gamma  beams; 

The  ring  beta  ftmctions  for  the  above  mode  2  operation  is 
shown  in  Fig.  2.  The  circularly  polarized  OKS  wigglers  are 
described  by  a  field  model  in  the  following  section. 


Table  2:  A  set  of  normalized  horizontal  wiggler  harmonics 
for  dynamics  simulation. 


Modes 

kx  /  kyj 

ky  j  ky) 

kz  j  kyj 

1 

1.025 

1.0592 

1.4567 

1 

2 

-0.0094 

4.1272 

4.2466 

1 

3 

-0.0156 

2.9555 

4.2113 

3 

To  compute  the  OKS  wiggler  field,  a  2D/3D  magnet  de¬ 
sign  code.  Mermaid  [4],  has  been  used  extensively.  The 
numerically  calculated  3D  fields  on  a  transverse  grid  are 
stored  using  128  wiggler  harmonics.  An  analytic  wiggler 
model  with  three  dominant  harmonics  are  obtained  by  fit¬ 
ting  the  model  with  the  calculated  field  on  a  cylindrical  sur¬ 
face  inside  the  wiggler  (see  Table  2). 

4  DYNAMICS  WITH  TWO  WIGGLERS 

As  found  in  the  previous  studies,  long  wigglers  can  have 
a  significant  influence  on  the  single  particle  dynamics  in 
the  Duke  ring  [S].  The  most  significant  dynamics  impact 
is  expected  at  the  lowest  e-beam  energy  with  the  strongest 
effective  nonlinearity  of  wigglers.  The  dynamics  studies 
are  performed  using  a  recently  developed  symplectic  wig¬ 
gler  integrator  [6]  and  the  frequency  map  analysis  method, 
NAFF,  of  J.  Laskar  [7].  Fig.  3  and  Fig.  4  show  the  com¬ 
puted  dynamic  apertures  for  a  bare  lattice  without  OKS 
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wigglers  and  a  300  MeV  lattice  with  circularly  polarized 
OKS  wigglers  to  produce  2  MeV  gamma  beams.  In  Fig.  3, 
the  large  footprint  of  the  bare  lattice  (the  left  plots)  in  both 
configuration  and  tune  spaces  is  reduced  to  a  much  smaller 
footprint  when  two  OKS  wigglers  are  turned  on  (the  right 
plots).  The  reduction  in  the  momentum  aperture,  from  (- 
2.7%,  3.8%)  to  (-2.8%,  3.1%),  will  reduce  the  beam  life¬ 
time  when  OKS  wigglers  are  turned  on.  Significant  trans¬ 
verse  dynamic  aperture  reduction  is  observed  in  Fig.  4  for 
on-momentum  particles.  This  can  have  significant  impact 
on  the  injection  efficiency,  which  is  critical  for  our  future 
top-off  injection  with  a  booster  ring. 


Duke  SR  Bare  Lattice,  1  GeV 


Two  OKS  Wigglers.  300MeV.  1.8kG 


Figure  3:  Horizontal  and  momentum  aperture  comparison 
at  the  center  of  the  arc,  0^  =  2.48,  /3j,  =  1.56  m.  On  the 
left,  a  Duke  ring  lattice  without  wigglers;  on  the  right,  a 
Duke  ring  lattice  with  two  OKS  wigglers  energized. 
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Figure  4:  Horizontal  and  vertical  aperture  comparison  for 
on-momentum  particles  at  the  center  of  the  arc.  On  the  left, 
a  Duke  ring  lattice  without  wigglers;  on  the  right,  a  Duke 
ring  lattice  with  two  OKS  wigglers  energized. 

The  dynamics  impact  of  two  OKS  wigglers  for  three  op¬ 
erational  modes  is  summarized  in  Table  3.  At  1  GeV,  a 
small  reduction  in  the  transverse  dynamic  aperture  is  not 


expected  to  have  any  direct  impact  on  the  ring  performance. 
However,  at  300  MeV  in  both  linearly  and  circularly  polar¬ 
ized  modes,  momentum  and  transverse  apertures  are  sig¬ 
nificantly  reduced.  Most  notably,  the  vertical  aperture  is 
reduced  by  about  a  factor  of  four.  Some  preliminary  stud¬ 
ies  have  been  performed  in  search  of  possible  field  com¬ 
pensation  solutions.  One  study  assumes  that  OK5  wigglers 
were  comprised  of  two  ideal  wiggler  arrays  with  infinite 
poles  (no  field  roll-off).  The  computed  dynamic  aperture 
for  this  scenario  is  shown  as  the  last  row  of  Table  3.  In 
this  case,  both  the  momentum  aperture  and  vertical  aper¬ 
ture  are  restored  to  the  similar  values  as  the  bare  lattice. 
Therefore,  it  seems  possible  to  recover  some  of  the  lost 
aperture  by  certain  field  compensation  schemes  built  into 
OKS  wigglers.  Several  wiggler  pole-tip  modifications  have 
been  designed  and  their  impacts  on  dynamics  will  be  care¬ 
fully  investigated. 

Table  3:  Computed  dynamic  apertures  with  or  without  OKS 
wigglers. 


Duke  Ring 

Lattice 

Energy 
Aper.  [%] 

Hori.  Aper. 
[mm] 

Vert.  Aper. 
[mm] 

Bare  Lattice 

(-2.7,3.8) 

(-15,24.9) 

13.5 

1  GeV,  circular 

(-2.7.3.8) 

(-12.6,17.7) 

8.86 

0.3  GeV,  circular 

(-2.8, 3.1) 

(-9.9, 13.5) 

6.5 

0.3  GeV,  linear 

(-2.7,  2.7) 

(-11.7, 17.4) 

7.25 

0.3  GeV,  ideal  wig 

(-2.8,  3.7) 

(-10.5, 14.7) 

13.75 

5  SUMMARY 

In  this  paper,  we  have  reported  our  preliminary  findings 
on  the  Duke  ring  dynamics  with  two  OKS  wigglers.  Signif¬ 
icant  dynamics  aperture  reduction  has  been  observed  due 
to  the  strong  nonlinearities  of  the  long  wigglers.  In  the 
near  future,  we  plan  to  study  the  dynamics  impact  of  four 
OKS  wigglers  in  its  final  lattice  configuration.  In  particular, 
we  would  like  to  investigate  possible  wiggler  field  compen¬ 
sation  schemes  and  optimal  lattice  designs  to  improve  the 
Duke  ring  dynamics  with  the  OKS  FEL. 

Finally,  we  would  like  to  thank  E.  Forest  at  KEK,  D.  S. 
Robin  and  C.  Steier  at  LBNL,  and  J.  Laskar  at  BdL,  Paris 
for  their  help  on  various  parts  of  this  work. 
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Abstract 

Emittance  growth  due  to  Intra-Beam  Scattering  signifi¬ 
cantly  reduces  the  heavy  ion  luminosity  lifetime  in  RHIC. 
Stochastic  cooling  of  the  stored  beam  could  improve  things 
considerably  by  counteracting  IBS  and  preventing  particles 
from  escaping  the  rf  bucket  [1].  High  frequency  bunched- 
beam  stochastic  cooling  is  especially  challenging  but  ob¬ 
servations  of  Schottky  signals  in  the  4-8  GHz  band  indi¬ 
cate  that  conditions  are  favorable  in  RHIC  [2] .  We  report 
here  on  measurements  of  the  longitudinal  beam  transfer 
function  carried  out  with  a  pickup/kicker  pair  on  loan  from 
FNAL  TEVATRON.  Results  imply  that  for  ions  a  coasting 
beam  description  is  applicable  and  we  outline  some  general 
features  of  a  viable  momentum  cooling  system  for  RHIC. 

1  INTRODUCTION 

When  colliding  gold  (Au)  ions  in  RHIC,  the  longitudinal 
emittance  grows  during  the  course  of  a  store.  The  domi¬ 
nant  mechanism  is  intrabeam  scattering  (IBS),  which  is  the 
result  of  small  angle  Coulomb  collisions  between  the  ions 
in  a  single  bunch.  Figure  1  shows  the  evolution  of  the  total 
and  bunched  intensities.  The  deuteron  beam  remains  in  the 
RF  bucket  with  nearly  constant  intensity.  For  the  gold  beam 
both  the  bunched  and  total  intensities  decay  with  time.  Fig¬ 
ure  2  shows  the  evolution  of  the  gold  longitudinal  profile. 
The  traces  have  been  scaled  to  a  peak  value  of  one.  The 
initial  peak  current  was  2.4  amperes  and  seven  hours  later 
it  is  0.4  amperes.  The  net  RF  voltage  per  turn  is  given  by[4] 

V (4‘)  =  Va  sin((/>)  -I-  Vs  sin(70)  (1) 

where  (j)  is  in  units  of  RF  phase  for  the  accelerating  cavities 
with  h  =  360,  Va  «  250  kV  is  the  voltage  on  the  acceler¬ 
ating  cavities.  Vs  ~  2.4  MV  is  the  voltage  on  the  storage 
cavities,  and  the  stable  synchronous  phase  is  ^  =  tt  since 
store  is  above  transition  (7  >  7^).  The  FNAL  pickup  and 
kicker  are  installed  in  the  yellow  ring.  During  the  gold- 
deuterium  ran  we  worked  with  the  gold  beam.  During  the 
polarized  proton  ran  we  worked  with  protons. 

2  COHERENT  BEAM  RESPONSE 

Figure  3  compares  the  coherent  response  of  gold  to  pro¬ 
tons.  The  FNAL  kicker  [5]  was  driven  with  about  5  Watts 
of  power  at  single  frequencies,  5  GHz  for  gold,  4  GHz  for 
protons.  The  longitudinal  beam  response  was  detected  with 
the  FNAL  pickup.  The  difference  in  the  noise  floor  is  due 

•Work  perfonned  under  contract  numbers  #DE-AC02-98CH10886 
and  #DE-AC05-(X)OR2275  with  the  auspices  of  the  United  States  Depart¬ 
ment  of  Eneigy. 
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Figure  1:  Evolution  of  the  bunched  and  total  intensity  in 
gold  (Au)  and  deuteron  (D)  beams.  There  are  55  bunches 
of  each  species  and  the  bunched  beam  data  have  been 
smoothed  to  reduce  noise. 


Figure  2:  Evolution  of  the  longitudinal  profile  for  an  Au 
bunch.  The  lowest  trace  was  taken  just  after  rebucketing 
and  each  trace  above  is  an  hour  later. 


to  different  gain  in  our  experimental  setups.  In  both  cases 
the  beam  was  driven  at  faent  -  A/  with  A/  «  5  kHz.  The 
proton  beam  spectrum  has  two  narrow  lines  that  are  absent 
in  the  gold  signal.  The  proton  beam  shows  a  strong  narrow 
band  signal  near  the  revolution  line  that  was  also  observed 
in  the  Tevatron  [3].  We  suspect  this  signal  is  due  to  long 
lived  coherent  oscillations  in  the  proton  beam  [6].  Since 
IBS  rates  for  gold  are  about  10  times  larger  than  those  for 
protons,  we  expect  gold  coherence  to  diffuse  away.  The 
proton  signal  also  shows  a  narrow  line  at  fcent + A/,  which 
is  reminiscent  of  a  bunched  beam  response.  This  feature 
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was  not  always  present  in  the  proton  spectrum. 

To  analyze  the  data  consider  a  coasting  beam  that  has  the 
same  number  of  particles  and  the  same  momentum  distri¬ 
bution  as  the  bunched  beam.  The  rms  Schottky  current  for 
both  cases  satisfies 

k 

I 


_  mfw 

AT  ’ 


where  7*  denotes  the  rms  Schottky  current,  I  is  the  DC 
beam  current,  6f  is  the  resolution  bandwidth  of  the  spec¬ 
trum  analyzer,  P{f)  is  the  normalized  frequency  distribu¬ 
tion,  and  N  is  the  number  of  particles  in  the  beam. 

Now  take  the  same  coasting  beam  and  apply  a  longitu¬ 
dinal  voltage  kick  V  cos(nt).  Model  the  beam’s  frequency 
distribution  as  a  Lorentzian  so  that 

P(/)  =  ^ - 1 _ 

TT  if  -  fcentf  +  Af 

For  drive  frequencies  near  the  center  of  the  distribution, 
and  neglecting  collective  effects,  the  ratio  of  the  rms  beam 
current  at  the  drive  frequency  to  the  coasting  beam  current 
is 

k 

I 

where  Et  =  7mc^  is  the  total  energy  per  particle,  q  is  the 
charge  per  particle.  To  fa  12.8^48  is  the  revolution  period, 
and  €  =  A// 1 7? I /cent  is  the  fractional  energy  spread. 


qV _ 1 

Eri^  2V2nfce„tTo\r]\’ 


f-fcent  (kHz) 


Figure  3;  Power  spectra  of  gold  and  proton  beams  driven 
by  the  FNAL  kicker.  The  resolution  bandwidth  of  the  spec¬ 
trum  analyzer  was  30  Hz. 


Figure  4:  Transfer  function  measurements  for  protons  at 
4.8  GHz. 


Figure  5:  Proton  power  spectrum  when  transfer  function 
measurements  were  made.  The  center  frequency  is  4.8 
GHz,  the  horizontal  scale  is  5  kHz/div,  and  the  vertical 
scale  is  5  dBm/div.  There  were  N  =  10^^  protons  and 
7  =  107.  The  noise  floor,  denoted  by  the  green  line,  is  -86 
dBm. 


to  the  Schottky  power  agrees  with  the  measurement  within 
1  dB.  With  both  qualitative  and  quantitative  agreement,  we 
have  confidence  that  a  coasting  beam  theory,  modified  via 
the  bunching  factor  of  the  beam,  is  reasonable  for  specify¬ 
ing  a  cooling  system. 


Figure  4  shows  the  beam  transfer  function  for  protons 
taken  with  an  HP8753  network  analyzer  using  a  10  Hz  in¬ 
termediate  frequency  bandwidth.  The  curves  are  very  sim¬ 
ilar  to  what  one  expects  for  coasting  beams  [8].  Fig  5 
was  taken  during  the  same  store  with  the  same  instrumental 
setup.  When  the  coherent  spike  near  the  revolution  line  in 
Fig  5  is  ignored,  the  calculated  ratio  of  the  coherent  power 


3  COOLING  SYSTEM 

Consider  a  cooling  system  of  bandwidth  W.  Let  Nb  be 
the  number  of  particles  per  bunch  and  let  be  the  bunch 
length.  The  number  of  particles  per  independent  sample  of 
the  cooling  system  is  =  Nb/^nW  [10].  Consider  the 
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rms  energy  spread  (Te  =  E-rap/ p-,  the  cooling  time  is 


o'E  NsM 

—  =  te=  — — 
O'B  Jo 


(4) 


where  M  is  the  mixing  factor.  For  RHIC  gold  parame¬ 
ters  with  a  4-8  GHz  cooling  system  and  10®  particles  per 
bunch  we  get  N^M  =  2.8  x  10®  which  in  turn  implies 
TjE  Ri  1  hour.  Detailed  calculations  [7]  have  shown  that 
this  cooling  time  will  significantly  improve  the  integrated 
luminosity. 

Stochastic  cooling  for  RHIC  might  better  be  refered  to 
as  stochastic  confinement.  The  main  goal  is  to  keep  par¬ 
ticles  in  the  RF  bucket,  not  to  reduce  the  rms  momentum 
spread.  Consider  a  single  particle  with  no  RF  voltage  [8]. 
In  the  absence  of  a  cooling  system  the  revolution  frequency 
is  constant  and  the  beam  current  is  given  by 


OO 

/(»,<)=  g  E  o’'*'"'"*'.  (5) 

k=—co 


where  w  is  the  particle’s  angular  revolution  frequency  and 
6  =  s/R  is  the  machine  azimuth.  Suppose  the  cooling 
pickup  is  at  azimuth  Op  and  the  kicker  is  at  azimuth  Ok- 
We  assume  that  the  change  in  revolution  frequency  per  turn 
satisfies  5uj  wo/fc^ax  where  ujq  =  27r/To  and  k^ax  is 
the  largest  revolution  harmonic  for  which  the  cooling  sys¬ 
tem  has  a  sigmficant  gain.  Then,  the  average  rate  at  which 
the  particle  gains  or  losses  energy  is  given  by 


dt 


-  jkojTd 

> 


where  Zp  is  the  transfer  impedance  between  the  pickup 
and  kicker  and  Td  is  the  delay.  We  do  not  plan  on  cutting 
a  chord  across  the  RHIC  ring  so  the  kicker  will  be  placed 
upstream  of  the  pickup  and  Td  is  chosen  so  that  Ok -Op - 
oJoTd  =  — 27r.  Then 


Results  for  n  =  1, 2,  with  Td  =  2To/3  and  R{Q)  constant 
between  4  and  8  GHz  are  shown  in  Figure  6.  The  horizontal 
scale  is  for  fractional  moment  shifts  with  \dp/p\  <  0.2%. 
The  largest  voltages  available  can  confine  particles  with 
\dp/p\  <  0.17%,  where  the  filter  with  fc  =  2  has  good 
gain. 


Figure  6:  Plot  of  eq  (6)  with  Sk  from  eq  (8)  for  RHIC  pa¬ 
rameters.  The  vertical  scale  is  in  arbitrary  units.  For  the 
horizontal  scale  Aw/wq  =  —pdp/p.  For  n  =  2,  the  filter 
has  good  gain  at  the  edge  of  the  bucket. 
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Abstract 

The  goal  of  the  Femtoslicing  project  at  the  ALS  is  to 
provide  100-200  fs  long  pulses  of  soft  and  hard  x-rays  with 
moderate  flux  and  with  a  repetion  rate  of  10-40  kHz  for 
experiments  concerning  ultrafast  dynamics  in  solid  state 
physics,  chemistry  and  biology.  The  femtoslicing  principle 
employs  a  femtosecond  laser  beam  to  interact  resonantly 
(inverse  reL  interaction)  with  the  electron  beam  in  the 
ALS.  The  induced  energy  spread  over  the  femtosecond  du¬ 
ration  is  converted  to  a  transverse  displacement  by  exploit¬ 
ing  the  dispersion  of  the  storage  ring.  The  displaced  fem¬ 
tosecond  electron  pulse  then  radiates  and  produces  fem¬ 
tosecond  synchrotron  radiation.  To  achieve  the  necessary 
spatial  separation  of  the  energy  modulated  slice  from  the 
rest  of  the  bunch,  a  sizeable  local  vertical  dispersion  bump 
in  the  undulator  used  as  radiator  is  required.  This  presents 
challenges  in  terms  of  the  nonlinear  dynamics  and  control 
of  the  vertical  emittance. 

INTRODUCTION 

The  ALS  is  a  third  generation  synchrotron  light  source 
located  at  Lawrence  Berkeley  National  Laboratory.  It  was 
originally  designed  to  provide  very  bright  VUV  and  soft 
x-ray  beams  and  has  been  in  operation  since  1993.  To  gen¬ 
erate  short  pulses  of  x-rays  with  durations  of  a  few  hun¬ 
dred  femtoseconds,  an  innovative  technique  has  been  de¬ 
veloped  at  the  ALS  [1].  This  technique  uses  the  interaction 
of  an  electron  bunch  with  a  femtosecond  laser  beam  within 
a  wiggler  to  energy-modulate  (slice)  a  short  section  of  that 
bunch.  Using  spatial  or  angular  [2]  dispersion  downstream 
of  the  interaction  with  the  laser  one  can  then  isolate  fs  x- 
ray  pulses.  Over  the  past  years  a  science  case  has  been  de¬ 
veloped  to  make  use  of  this  new  source  of  x-rays.  The  pro¬ 
posed  experiments  make  use  of  time  resolved  spectroscopic 
techniques  (time  resolved  x-ray  diffraction  or  time  resolved 
x-ray  absorption  spectroscopy)  and  require  higher  average 
photon  flux  than  can  be  delivered  by  the  ALS  bending  mag¬ 
net  beamlines  which  were  used  for  the  demonstration  ex¬ 
periments  of  the  slicing  technique.  To  increase  the  average 
flux  of  fs  x-rays  a  plan  for  a  new  ultrafast  x-ray  undulator 
beamline  has  been  developed.  The  beamline  complex  is 
now  in  its  design  and  initial  construction  phase.  A  sketch 
of  the  main  accelerator  components  of  the  new  beamline  is 
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shown  in  Fig.  1. 

The  upgrade  consists  of  several  key  components,  includ¬ 
ing  two  new  insertion  devices  (modulator  and  radiator),  a 
new  undulator  beamline  complex,  a  new  laser  system  with 
significantly  higher  repetition  rate  and  modifications  to  the 
storage  ring  to  create  the  vertical  dispersion  bump  used  to 
spatially  separate  the  sliced  electrons/photons.  One  of  the 
new  insertion  devices  is  a  new  wiggler  which  is  simultane¬ 
ously  used  for  protein  crystallography  and  as  modulator  for 
the  slicing.  It  will  have  a  shorter  period  (1 1 .4  cm  compared 
to  16  cm  of  the  existing  wiggler)  to  allow  for  optimized 
use  both  by  the  protein  crystallographers  and  the  .slicing 
experiments  by  allowing  slicing  on  its  first  instead  of  third 
harmonic  at  1 .9  GeV.  The  second  insertion  device  will  be 
an  in-vacuum,  permanent  magnet  undulator,  similar  to  the 
ones  used  at  Spring-8,  ESRF  and  SLS.  Since  the  photon 
energy  range  of  the  science  covered  by  the  new  facility  is 
very  wide  (about  200  eV  to  10  keV),  the  new  undulator  will 
be  used  both  as  an  undulator  up  to  about  3-4  keV  and  as  a 
wiggler  up  to  lOkeV. 

CHALLENGES 

The  accelerator  physics  efforts  to  support  the  new  fs  x- 
ray  undulator  beamline  have  been  centered  on  three  main 
areas:  generating  the  vertical  dispersion  bump  to  provide 
the  spatial  separation  to  isolate  the  fs  x-rays  pulses,  mini¬ 
mizing  the  vertical  emittance  and  spurious  dispersion  [3], 
and  studying  insertion  device  related  issues  [4,  5].  Addi¬ 
tional  details  about  those  studies  can  be  found  in  the  given 
references.  This  article  summarizes  all  results. 

The  issues  studied  in  cormection  with  the  insertion  de¬ 
vices  include  -  to  just  name  some  examples  -  their  effect 
on  the  nonlinear  dynamics,  resistive  wall  heating  effects, 
impedance  issues  and  the  effects  caused  by  the  field  im¬ 
perfections  of  the  devices  (coupling,  focusitlg  and  orbit  er¬ 
rors).  Working  together  with  the  magnet  group  of  the  ALS, 
a  set  of  specifications  and  a  magnetic  design  for  the  new 
wiggler  have  been  developed  minimizing  all  detrimental 
impacts  on  the  electron  beam.  For  the  in-vacuum  undu¬ 
lator,  the  studies  are  in  their  final  phase. 

Beam  Dynamics  in  Insertion  Devices 

One  of  the  most  dangerous  effects  insertion  devices  can 
have  on  the  transverse  single  particle  beam  dynamics  is  the 
effect  of  the  transverse  field  roll-off  [6].  Since  the  particles 
follow  undulating  trajectories  the  nonlinear  kick  due  to  the 
transverse  field  roll-off  can  accumulate  resulting  in  a  po¬ 
tentially  large  reduction  in  dynamic  aperture  and  dynamic 
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Figure  1:  Sketch  of  fs-slicing  layout  for  the  new  undulator  beamline  at  the  ALS. 


momentum  aperture.  Since  the  (Touschek)  lifetime  at  the 
ALS  is  already  dominated  by  the  transverse  single  particle 
dynamics  (i.e.  the  dynamic  momentum  aperture  [7])  this  is 
a  potentially  very  serious  effect.  Therefore  it  has  been  stud¬ 
ied  in  extensive  detail  using  3  dimensional  magnetic  field 
models  (TOSCA)  of  the  chosen  wiggler  design,  the  fit  of  an 
analytical  field  model  to  this  numerical  field  data  and  a  new 
symplectic  integrator  [8].  Fig.  2  shows  the  results  of  one  of 
the  simulation  runs.  Shown  are  on-energy  fequency  maps 
in  configuration  space  calculated  by  tracking  particles  with 
different  initial  conditions  for  1000  turns.  The  color  code 
indicates  the  diffusion  rate  on  a  logarithmic  scale. 


Figure  2:  Comparison  of  two  frequency  maps  in  config¬ 
uration  space.  Wll  wiggler  without  any  horizontal  field 
roll-off  (left)  and  with  125%  of  the  nominal  horizontal  field 
roll-of  (right). 

The  left  plot  shows  the  frequency  map  for  a  wiggler 
(11.4  cm  period,  1.91  T  field)  without  any  horizontal  field 
roll-off  (i.e.  the  main  effect  in  the  tracking  is  the  vertical 
tune  shift  from  the  wiggler).  The  right  plot  shows  the  case 
of  a  wiggler  with  mostly  the  same  parameters  but  now  a 
horizontal  field  roll-off  is  included  (125%  of  the  nominal 
field  roll-off).  As  one  can  see,  there  is  virtually  no  differ¬ 
ence  between  the  two  frequency  maps.  The  same  was  true 
in  off-energy  simulations.  Therefore  we  are  very  confident 
that  the  field  roll-off  of  the  chosen  design  will  not  be  an 
issue  and  the  effects  of  the  new  wiggler  on  the  beam  dy¬ 
namics  will  be  completely  dominated  by  its  linear  vertical 
tune  shift  (which  is  virtually  identical  to  the  one  from  the 
existing  wiggler  it  replaces). 

Separation 

To  separate  the  sliced  beam  from  the  main  bunch,  dif¬ 
ferent  techniques  can  be  used.  We  decided  to  use  vertical 
spatial  separation  with  a  closed  vertical  dispersion  bump, 
since  it  allows  the  use  of  the  radiator  in  wiggler  mode  and 
the  use  of  dispersive  spectroscopy  in  the  beamline.  Fig.  3 
shows  the  vertical  dispersion  bump,  which  is  generated  as 
a  closed  bump  with  negligible  coupling  using  four  or  eight 
skew  quadmpole  magnets.  The  main  issue  that  has  been 


studied  in  connection  with  the  dispersion  bump  is  the  im¬ 
pact  on  the  nonlinear  dynamics  of  the  ALS,  particularly 
injection  efficiency  and  lifetime. 


Table  none  «  TWIS5 


Figure  3;  Layout  of  the  closed  vertical  dispersion  bump 
used  to  generate  the  necessary  separation  of  the  sliced 
bunch  at  the  radiator.  A  total  of  four  or  eight  skew 
quadmpoles  is  used. 

A  dispersion  bump  of  sufficient  amplitude  has  been 
demonstrated  experimentally  (see  Fig.  4)  and  its  impact 
on  the  momentum  aperture  was  negligible.  To  generate 
the  necessary  skew  quadmpole  gradients,  some  magnets 
had  to  be  modified  and  the  effects  of  differential  pole  sat¬ 
uration  was  studied.  No  problems  were  found  related  to 
the  about  1%  reduction  of  the  sextupole  field  of  the  com¬ 
bined  sextupole/skew  quadmpole  magnets,  caused  by  the 
strong  skew  quadmpole  fields.  The  increase  in  vertical 
emittance  caused  by  the  dispersion  bump  was  relatively 
modest  (quantum  excitation  in  the  two  bending  magnets  in¬ 
side  the  bump)  and  agreed  with  calculations.  However,  in 
simulations  we  found  one  potential  problem:  the  dispersion 
bump  as  we  currently  implement  it  generates  a  large  local 
coupling  inside  the  bump,  which  causes  the  (planned)  small 
vertical  aperture  of  the  insertion  device  to  be  transformed 
into  a  moderate  horizontal  aperture,  limiting  the  momen¬ 
tum  aperture.  This  effect  is  currently  under  study  and  a 
solution  using  more  (eight)  skew  quadmpoles  to  generate 
the  dispersion  bump  while  minimizing  the  local  coupling 
angle  looks  very  promising. 

Coupling  Correction 

Minimizing  the  vertical  emittance  and  spurious  disper¬ 
sion  allows  one  to  maximize  the  brightness  of  a  syn¬ 
chrotron  radiation  source.  Because  the  Touschek  lifetime 
of  a  low  emittance,  low  energy  light  source  like  the  ALS 
is  very  short,  reducing  the  vertical  emittance  below  the  op- 
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Figure  4;  Measured  vertical  dispersion  bump.  The  leak¬ 
age  of  the  bump  was  caused  by  a  difference  in  saturation 
between  the  individual  skew  quadrupoles  due  to  the  addi¬ 
tional  orbit  correction  windings.  Nevertheless,  the  leakage 
is  already  acceptable. 

erational  value  of  about  150  pm,  which  is  used  at  the  mo¬ 
ment,  would  have  reduced  the  lifetime  to  unacceptable  val¬ 
ues  (below  8  hours  at  400  mA).  For  the  future,  this  situa¬ 
tion  will  change  with  the  use  of  top-up  injection.  The  new 
fs  beamline  on  the  other  hand  will  directly  create  vertical 
emittance  because  of  the  fairly  strong  insertion  device  in¬ 
side  the  vertical  dispersion  bump.  Therefore  it  will  be  im¬ 
portant  to  minimize  the  baseline  vertical  emittance  without 
the  dispersion  bump.  Using  18  individual  skew  quadrupole 
magnets,  whose  power  supplies  have  been  installed  last 
year,  vertical  emittances  of  about  5  pm  have  been  demon¬ 
strated  (an  improvement  of  a  factor  of  30  compared  to  the 
current  operating  condition)  [3].  This  will  allow  the  new 
beamline  to  operate  with  an  optimized  size  of  the  vertical 
dispersion  bump  maximizing  the  femtosecond  x-ray  signal 
to  noise  ratio  for  a  given  brightness  (vertical  emittance)  for 
all  other  beamlines. 


Impact  of  Vertical  Aperture  on  Lifetime 

For  permanent  magnet  as  well  as  for  superconducting  in¬ 
sertion  devices  the  possible  performance  depends  strongly 
on  the  possible  minimum  gap  of  the  magnetic  stmcture. 
Therefore  it  is  important  to  determine  the  minimum  physi¬ 
cal  vertical  aperture  which  can  be  tolerated  with  respect  to 
beam  lifetime  and  injection  efficiency.  At  the  ALS  the  limit 
used  to  be  a  full  vertical  aperture  of  about  8  mm.  With  an 
improved  lattice,  better  correction  of  the  lattice  symmetry 
and  especially  better  control  of  coupling  it  was  possible  to 
reduce  this  limit  to  a  full  aperture  of  about  5  mm  [5].  This 
was  verified  by  measurements  using  a  scraper  at  the  ALS. 
Fig.  5  shows  a  scraper  measurement  in  the  ALS  with  cor¬ 
rected  coupling  and  the  vertical  emittance  increased  to  its 
current  nominal  value  of  150  pm  by  using  a  vertical  dis¬ 
persion  wave.  The  lifetime  reduction  in  those  conditions  is 
fairly  small  down  to  a  full  vertical  aperture  of  about  5  mm. 


Figure  5;  Lifetime  of  the  ALS  versus  half  aperture  in  one 
straight,  measured  using  a  scraper:  The  lifetime  reduction 
for  a  lattice  with  corrected  coupling  and  vertical  dispersion 
wave  to  increase  the  vertical  emittance  is  small  down  to  a 
full  vertical  aperture  of  about  5  mm. 

SUMMARY 

A  new  undulator  beamline  for  femtosecond  x-rays  is  un¬ 
der  design  and  consraction  at  the  ALS.  It  will  start  with 
beamline  commissioning  at  the  end  of  2004  or  early  in 
2005.  The  accelerator  physics  issues  associated  with  the 
new  facility  have  been  successfully  studied.  The  dynam¬ 
ics  in  the  insertion  devices  (especially  the  effects  of  the 
transverse  field  roll-off  of  the  wiggler)  has  been  studied  ex¬ 
tensively  and  no  problems  were  found.  A  vertical  disper¬ 
sion  bump  for  spatial  separation  of  the  fs  x-rays  has  been 
demonstrated  with  more  than  sufficient  amplitude  (4  cm) 
and  minimal  negative  impact.  Methods  for  vertical  emit¬ 
tance  and  dispersion  control  have  been  established,  achiev¬ 
ing  much  better  results  than  necessary.  The  impact  of  small 
gaps  (5  mm  full  gap)  on  lifetime  and  injection  efficiency 
have  been  studied  with  positive  results.  The  main  remain¬ 
ing  issue  is  the  interaction  between  the  narrow  vertical 
aperture  in  the  radiator  and  the  vertical  dispersion  hump  A 
solution  using  8  instead  of  4  skew  quadrupoles  to  minimize 
the  local  coupling  for  a  fixed  vertical  dispersion  works  in 
simulations.  A  measurement  program  to  test  this  in  detail 
will  start  in  June. 
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Abstract  the  matched  synchronous  phases  are  just  a  few  degrees 


Recently  the  possibility  of  simulteniously  accelerating 
particles  with  a  range  of  charge-to-mass  ratios  (-20%)  to 
the  same  energy  was  proposed  and  demonstrated  for  a 
superconducting  (SC)  linac  [1],  This  development  has  two 
immediate  applications:  1)  acceleration  of  heavy  ions  that 
are  limited  by  ion-source  intensities  in  a  high-power 
medium  energy  linac  such  as  the  driver  linac  for  the 
proposed  Rare-Isotope  Accelerator  (RIA)  Facility  and  2) 
substantial  intensity  enhancement  of  secondary 
radioactive  beams  in  post-accelerators. 

ACCELERATION  OF  MULTIPLE- 
CHARGE  STATE  HEAVY-ION  BEAMS 

The  concept  of  multiple  charge  state  (multi-q)  beam 
acceleration  can  enhance  the  utility  of  high-intensity 
linacs  for  heavy  ions  where  the  ions  may  have  to  be 
stripped  repeatedly  to  make  optimal  use  of  the 
accelerating  voltage.  Such  linacs  are  being  considered  for 
major  facilities  for  nuclear  physics  research  [2].  For 
example,  accelerating  to  400  MeV/u  will  require  two 
or  three  stages  of  stripping.  If  only  one  charge  state  were 
accepted  after  each  stripping,  the  intensity  at  each  stage 
would  be  reduced  by  a  factor  of  —5  and  the  maximum 
beam  power  would  be  available  a4.6  kW  with  present  ion 
source  performance.  A  scheme  where  essentially  all  the 
charge  states  can  be  accelerated  delivers  -80%  of  the 
beam  thus  providing  up  56  kW  at  the  desired  final  energy. 
In  addition,  it  was  shown  that  the  front  end  of  a  SC  linac 
can  be  designed  to  accept  two  charge  states  of  heavy-ion 
beam  from  the  ECR  ion  source,  doubling  the  available 
beam  power  [3]. 

A  comprehensive  study  of  multi-q  beam  dynamics  in 
SC  linacs  has  been  reported  in  ref  [4].  The  simultaneous 
acceleration  of  neighboring  charge  states  becomes 
possible  because  the  high  charge-to-mass  ratio  makes  the 
required  phase  offsets  of  the  synchronous  particles  small: 

<Ps,q,=-arccos -^%cos(p,^^  .  (1) 

where  qq  is  the  reference  charge  state  with  corresponding 
synchronous  phase  qis  ^o,  the  sub-index  i  corresponds  to 
the  neighboring  charge  state  with  the  same  mass  number 
A.  For  the  best  matching,  bunches  with  different  charge 
states  must  be  injected  into  the  linac  at  slightly  different  rf 
phases.  The  higher  the  charge  state,  the  sooner  it  must 
arrive  at  the  SC  resonator  to  be  matched.  For  most 
applications,  relatively  few  charge  states  need  to  be 
accelerated  simultaneously.  Therefore  the  differences  in 
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and  time  matching  system  is  not  necessary.  If  all  charge 
states  are  injected  at  the  same  time  (at  the  same  rf  phase), 
then  each  charge  state  bunch  will  perform  coherent 
synchrotron  oscillations  with  respect  to  qq.  One  can  view 
this  as  an  increase  in  the  effective  longitudinal  emittance 
of  the  total  beam,  relative  to  the  (partial)  longitudinal 
emittance  of  the  individual  charge  state  bunches. 

The  spread  in  charge  states  that  can  be  accepted  for 
acceleration  depends  primarily  on  the  extent  that  the 
focusing  system  can  limit  emittance  growth  in  transverse 
phase  space.  In  high  intensity  linacs,  the  tolerable 
emittance  growth  is  set  by  the  intensity  of  lost  energetic 
ions  that  can  produce  residual  activation  of  the  accelerator 
components.  Therefore,  in  heavy-ion  linacs  at  low 
intensity  or  low  energy,  a  wide  range  of  Aq/q,  about 
±10%,  can  be  accepted  and  accelerated.  However  in  high 
intensity  (-10'^  ions/s)  and  medium  energy  (-400  MeV/u) 
machines,  the  tolerable  spread  of  charge  states  is  lower, 
-±3  %.  In  radioactive  linacs  the  limitation  for  the  range  of 
Aq/q  is  imposed  by  an  acceptable  beam  quality. 

Standard  periodic  focusing  theory  can  be  used  to 
analyze  the  simultaneous  acceleration  of  the  several 
charge  states.  Our  studies  show  that  effective  transverse 
emittance  growth  of  multi-q  beams  is  caused  by  slightly 
mismatched  conditions  for  different  charge  states  in  the 
periodic  focusing  channel  and  misaligned  focusing 
elements.  This  effect  restricts  the  tolerable  charge  spread 
in  the  linac. 

A  test  of  this  concept  with  urapium  beams  was 
performed  at  the  50  MV  SC  linear  accelerator  at  Argoime 
National  Laboratory  (the  ATLAS  accelerator).  Uranium 
ions,  stripped  in  a  foil,  with  8  charge  states  (Aq/q  »20%) 
have  been  accelerated  through  a  portion  of  the  ATLAS 
linac  from  286  MeV  to  690  MeV,  with  94%  of  the 
injected  uranium  in  the  accelerated  beam.  Emittance  of 
the  resultant  beam  has  been  measured  and  the  energy 
spread  was  1.3%  compared  to  0.4%  for  a  single  charge 
state  [1].  As  is  shown  in  this  paper  multi-q  beam 
parameters  can  be  significantly  improved  by  careful 
design  of  the  accelerator  components. 

THE  RIA  DRIVER  LINAC 

The  RIA  is  being  considered  as  a  major  nuclear  science 
facility  for  the  near  future.  A  cw  SC  1.4  GV  driver  linac 
and  120  MV  post-accelerator  are  being  designed  for  the 
RIA  Facility.  A  conceptual  design  of  the  driver  linac  has 
been  developed  (see,  for  example,  [5,6]),  the  major 
elements  of  which  are  shown  in  Fig.  1.  Except  for  the 
injector  radio  frequency  quadrupole  (RFQ),  the  entire 
linac  is  based  on  SC  accelerating  structures.  The 
“baseline”  driver  linac  design  consists  of  -400  SC  cavities 
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Figure  1:  Elements  of  the  proposed  RIA  driver  linac. 


of  9  different  types.  The  majority  of  the  cavities  (98%) 
fall  into  7  different  types.  Recently  we  have  developed  a 
variation  of  the  driver  linac  based  on  triple-spoke  SC 
resonators  being  designed  at  ANL  [5].  This  option 
reduces  total  number  of  cavities  to  -350  with  fewer  types 
of  the  SC  resonators. 

The  driver  linac  can  be  tuned  to  provide  a  uranium 
beam  at  an  energy  of  400  MeV/u  and  can  be  re-tuned  to 
provide  a  proton  beam  at  900  MeV.  To  obtain  400  MeV/u 
uranium  beams  the  driver  linac  uses  two  strippers.  Three 
different  sections  of  the  linac  are  demarked  by  the  charge- 
strippers.  The  low-P  section  of  the  linac  is  that  portion 
prior  to  the  first  stripper,  the  medium-p  section  is  between 
the  two  strippers,  and  the  high-P  section  is  that  portion 
following  the  second  stripper.  The  low-p  section  includes 
a  front  end  with  the  possibility  to  accept  for  acceleration 
two  charge  states  simultaneously  and  a  SC  linac  up  to  -10 
MeV/u  for  uranium.  The  medium-p  and  high-p  sections 
are  designed  for  acceleration  of  multi-q  beams.  After  each 
stripper,  there  is  a  magnetic  transport  system  (MTS)  [7] 
which  provides  six-dimensional  matching  of  multiple-q 
beams  into  the  following  accelerating  structure.  In 
addition,  the  MTS  is  designed  to  separate  and  dump  the 
low-intensity  imwanted  charge  states  in  order  to  avoid 
beam  losses  in  the  high-energy  section  of  the  driver  linac. 

The  driver  linac  is  a  high  intensity  machine  and  relative 
beam  losses  in  the  high-energy  section  must  be  kept 
below  10"^.  Acceleration  of  multi-q  uranium  beams  places 
stringent  requirements  on  the  linac  design.  Any  other 
lighter  ion  beam  with  much  smaller  emittances  can  be 
accelerated  with  no  losses.  End-to-end  beam  dynamics 
simulations  in  six-dimensional  phase  space  have  been 
applied  to  study  all  possible  sources  of  beam  halo 
formation  and  possible  beam  loss  in  the  driver  linac. 
Major  contributors  to  the  effective  emittance  growth  were 
identified  as;  a)  multiplicity  of  charge  states;  b)  passage 
through  the  stripping  foils  and  c)  random  errors  of  rf 
fields  and  misalignments  of  focusing  elements.  We  have 
developed  the  concept  of  a  “beam-loss-free”  linac  which 
implies  beam  halo  collimation  in  designated  areas. 

Front  End  of  the  Driver  Linac 

The  front  end  of  the  RIA  driver  linac  is  shown 
schematically  in  Fig.  2.  It  consists  of  two  ECR  ion 
sources,  a  low  energy  beam  transport  (LEBT),  a  multi¬ 


harmonic  buncher,  a  57.5  MHz  RFQ,  and,  finally,  a 
medium  energy  beam  transport  (MEBT^  which  matches 
beam  into  the  superconducting  linac. 


Figure  2:  Front  End  of  the  RIA  driver  linac. 

An  ECR  type  of  source  is  well  matched  to  the 
requirement  for  cw,  high-charge-state  ion  beams  over  the 
full  mass  range.  The  heaviest  beam  needed  for  the  RIA 
driver  is  uranixun,  which  is  the  most  demanding  in  terms 
of  ion  source  performance.  The  LEBT  is  designed  to 
select  and  separate  the  required  ion  species  and  to  bunch 
and  match  either  one  or  two  charge  states  of  ions  with 
masses  above  180  into  the  following  RFQ  structure  [8]. 

The  primary  design  goal  for  the  RFQ  is  to  establish  a 
low  output  emittance  so  that  the  acceleration  of  multiple- 
chaige-state  beams  through  the  rest  of  the  linac  becomes 
straightforward.  As  was  discussed  in  our  previous  work 
[3],  a  multi-harmonic  buncher  must  be  used  upstream  of 
the  RFQ  to  produce  the  lowest  possible  longitudinal 
emittance  of  two-charge-state  beams.  The  acceleration 
starts  with  a  small  separatrix  whose  length  is  kept 
constant  along  the  RFQ.  For  the  parameters  of  the  RFQ 
given  in  ref.  [9]  the  longitudinal  emittance  at  the  level 
99.9%  is  less  than  2  rt-keV/u-nsec  for  the  two-charge-state 
uranium  beam. 

Accelerating-Focusing  Lattice  of  the  SC  linac 

The  baseline  design  of  the  driver  linac  was  described  in 
ref.  [10].  Below  we  present  the  results  of  beam  dynamics 
studies  for  the  latest  version  of  the  driver  linac  design 
which  includes  the  following  main  modifications:  1)  peak 
surface  electric  field  in  all  drift-tube  SC  resonators  is 
assumed  to  be  20  MV/m  except  the  first  seven  4-gap 
quarter  wave  resonators;  2)  the  high-P  section  of  the 
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driver  linac  contains  t^vo  types  of  triple-spoke  resonators 
[5]  Instead  of  three  types  of  elliptical  resonators  operating 
at  a  peak  electric  field  27.5  MV/m. 

The  linac  comprises  352  SC  cavities  distributed  in  68 
cryostat  modules.  Except  for  the  first  cryostat  which 
contains  seven  4-gap  resonators  and  one  2-gap  resonator, 
the  linac  consists  of  6  different  types  of  cryostats  filled  by 
five  different  types  of  resonators.  Fundamental  frequency 
is  57.5  MHz  and  the  linac  comprises  SC  resonators 
operating  at  the  f 2”^  3^^  and  6“'  harmonics.  Transverse 
focussing  is  provided  by  SC  solenoids  contained  in  the 
same  cryostat  modules  as  the  cavities.  Such  an  array,  with 
the  cavities  operated  at  a  synchronous  phase  (ps=-30“, 
provides  strong  focussing  in  both  transverse  and 
longitudinal  phase  space.  Due  to  the  strong  damping  of 
the  bunch  phase  width  as  beam  energy  is  increased,  some 
sections  of  the  linac  can  be  set  at  a  synchronous  phase  <ps 
=-25'’. 

Beam  Dynamics  Simulations 

Beam  dynamics  studies  have  been  performed  with  the 
goal  of  optimizing  the  linac  structure  in  order  to  reduce 
possible  effective  emittance  growth  of  the  multi-q 
uranium  beam.  The  end-to-end  simulation  of  beam 
dynamics  is  being  performed  by  the  TRACK  code  [11] 
which  integrates  the  particle  equations  of  motion  through 
the  electric  and  magnetic  fields  of  the  SC  cavities,  the  3D 
field  components  having  been  obtained  from  numerical 
solution  of  Maxwell’s  equations  for  each  specified  cavity 
geometry.  The  motion  of  the  particles  is  traced  in  6D 
phase  space,  and  generally  represents  the  dynamics  of  the 
multi-component  heavy-ion  beams  with  good  spatial 
resolution.  After  recent  modifications  the  TRACK  code 
supports  all  elements  of  the  driver  linac  such  as  RFQ, 
multi-harmonic  buncher,  bending  magnets,  magnetic  and 
electrostatic  focusing  devices.  All  TRACK  elements  are 
represented  with  realistic  three-dimensional  field 
distributions  which  naturally  include  fringe  fields. 

Prior  to  numerical  ray-tracing  of  mutli-q  beam  through 
the  linac,  the  rms  transverse  and  longitudinal  beam 
parameters  were  matched  carefully  using  fitting  codes  for 
a  trial  beam.  A  particularly  critical  aspect  of  fitting  was  to 
avoid  beam  mismatch  at  the  transitions  between  focusing 
periods  of  differing  length  and  between  the  cryostats. 
Note  that  the  focusing  lattice  length  is  different  for  each 
of  the  four  types  of  SC  cavities.  Final  adjustment  of  the 
longitudinal  matching  is  done  by  setting  appropriate  value 
of  synchronous  phase.  The  first-order  design  of  the  linac 
is  done  by  the  TRACE-3D  code.  Beam  transport  codes 
such  as  TRANSPORT,  GIOS  and  COSY  were  used  for 
the  design  of  multi-q  beam  transitions  and  switchyard 
[3,7,8].  Comparative  beam  dynamics  studies  in  the  high-p 
section  of  the  RJA  driver  linac  have  been  performed  for 
two  types  of  accelerating  structures:  elliptical  cavities  as 
in  the  baseline  proposal  and  triple-spoke  cavities. 

The  simulation  starts  fi-om  the  exit  of  the  ECR  HV 
platform.  The  multi-component  heavy-ion  beam  is 
transported  through  the  achromatic  charge-selection 
system  and  accelerated  by  the  RFQ  (see  Fig.  2).  In  these 


simulations,  10*  particles  remaining  after  the  RFQ 
represent  a  two-charge  state  uranium  beam  in  the  low-p 
section,  five  charge  states  in  the  medium-p  and  four 
charge  states  in  the  high-P  section.  The  envelope  of  a 
beam  containing  10*  particles  along  the  SC  section  of  the 
linac  is  shown  in  Fig.  3.  The  beam  is  axially-symmetric 
along  the  linac  but  not  in  the  post-stripper  MTS.  The 
passage  through  the  strippers  was  simulated  by  the  SRIM 
code  [12]  and  the  calculated  particle  distribution  was 
incorporated  into  TRACK. 


0  100  200  300  400 

Distance  (m) 


Figure  3:  Maximum  size  of  the  beam  presented  by  10* 
particles  in  the  horizontal  plane  along  the  driver  linac. 

For  the  safety  margin,  in  simulations  we  have  assumed 
that  the  standard  deviation  of  the  energy  straggling  is  5 
times  larger  than  the  value  predicted  by  the  SRJM  code. 
This  large  safety  factor  is  appropriate  due  to  the  lack  of 
trustable  experimental  data  for  the  stripping  energy  ~85 
MeV/u  of  uranium  ions.  Table  1  shows  the  rms  and  total 
normalized  emittance  growth  in  the  driver  linac. 


Table  1.  Rms  and  total  (100%  of  particles)  emittance 
growth  factor  in  the  driver  linac. 


'lo  errors 

Horizontal 

Vertical 

Longitudinal 

Rms 

1.5 

1.5 

4.9 

Total 

4.8 

4.9 

35 

With  errors 

Rms 

1.8 

1.9 

9.5 

Total 

5.8 

6.8 

35 

All  errors  are  randomly  generated  as  a  uniform 
distribution  with  the  rms  values  given  in  ref.  [9].  The 
sensitivity  of  multi-q  beam  parameters  to  various  types  of 
random  errors  and  misalignments  were  studied  by  Ae  ray¬ 
tracing  code  TRACK.  The  most  important  errors  affecting 
transverse  beam  motion  are  the  misalignments  of  the 
transverse  focusing  elements.  Due  to  the  strong 
defocusing  of  low  velocity  particles  by  the  SC  cavities  the 
misalignments  of  the  SC  cavities  were  also  taken  into 
account.  Phase  and  amplitude  errors  of  the  rf  field  are  fast 
fluctuations  and  produce  effective  longitudinal  emittance 
growth  of  multi-q  beams.  Monte  Carlo  simulations  of  the 
dynamics  of  multi-q  beams  in  the  presence  of  both 
accelerating  field  and  alignment  errors  have  been 
performed.  We  introduced  alignment  errors  by  displacing 
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separately  both  ends  of  each  solenoid  and  SC  cavity  in 
both  X  and  Y  directions.  Then  we  tracked  the  multi-q 
beam  represented  by  10'*  particles  through  the  whole  linac 
and  noted  the  increase  in  emittance  resulting  from  all 
types  of  errors.  As  was  discussed  in  ref.  [4]  a  multi-q 
beam  requires  frequent  corrective  steering  in  order  to 
avoid  appreciable  emittance  growth.  Therefore,  our 
simulation  was  done  in  the  presence  of  steering  elements 
along  the  linac.  This  entire  simulation  was  then  repeated 
two  hundred  times,  each  time  with  a  different,  random  set 
of  errors.  These  studies  show  that  in  the  worse  case  both 
transverse  and  longitudinal  total  emittances  are  well 
within  the  linac  acceptance.  No  particle  losses  along  the 
linac  were  observed. 

Phase  space  plots  obtained  during  200  seeds  are 
accumulated  and  shown  in  Fig.  4.  As  is  seen  the  multi-q 
uranium  beam  can  be  accelerated  up  to  400  MeV/u  within 
±0.25%  energy  spread  and  remains  within  ±40  psec  time 
width.  A  longitudinal  emittance  of  80  7t-keV/u-nsec 
contains  all  particles  shown  in  Fig.  4. 

Recently  independent  beam  dynamics  studies  of  the 
driver  linac  for  the  RIA  have  been  performed  at  MSU 
(see,  for  example,  [13]).  These  studies  confirmed  all  basic 
concepts  for  the  design  of  high-intensity  SC  linacs  with 
the  capability  to  accelerate  multi-q  beams  originally 
discussed  in  ref.  [1-11]. 

"■*-1 


0.9  J 


Time  (psec) 


Figure  4:  Phase  space  plots  of  a  four  charge  state  uranium 
beam  at  the  exit  of  the  driver  linac. 

POST-ACCELERATORS 

The  ability  to  accelerate  multi-q  radioactive  beams 
(RIB)  is  especially  valuable  due  to  the  extremely  low 
intensities  of  secondary  particles.  In  addition,  the  intensity 
of  the  RIB  drops  after  the  strippers  which  are  necessary  to 
reduce  the  total  accelerating  voltage.  The  post-stripper 
section  of  the  RIA  post-accelerator  will  be  designed  for 
the  acceleration  of  multi-q  beams  to  enhance  the  available 
beam  intensities  for  experiments.  As  it  was  shown  in  [1]  a 
wide  range  of  the  charge  spread  Aq/q,  about  20%,  can  be 
accepted  and  accelerated  in  the  ATLAS  accelerator.  In  the 
design  of  the  RIA  post-accelerator  we  have  restricted  the 
possible  range  of  Aq/q  to  <1 1%  in  order  to  avoid  a  phase 
space  emittance  halo.  As  a  consequence  of  multi-q 
acceleration  the  total  acceleration  efficiency  is 
significantly  higher  than  for  single  charge-state  beams,  as 
shown  in  Fig.  5.  The  RIB  linac  of  the  RIA  Facility  [14] 


will  produce  beam  intensities  higher  by  a  factor  of  ~20  as 
compared  with  post-accelerators  based  on  an  ECR  charge 
breeder.  As  it  follows  from  beam  measurements  in 
ATLAS,  the  transverse  and  longitudinal  emittances  of 
multi-q  beams  will  be  larger  by  a  factor  of  ~3  for  the 
charge  spread  Aq/q=20%  [1].  The  RIA  post-accelerator 
based  on  ATLAS  will  provide  better  beam  quality 
because  the  charge  spread  will  be  restricted  to  Aq/q  <11%. 


Figure  5:  RIB  linac  overall  stripping  efficiency  in  the 
regime  of  single  and  multi-q  beam  acceleration. 

The  first  RIB  linac  purposely  designed  for  the  multi-q 
heavy-ion  beam  acceleration  will  be  commissioned  soon 
at  TRIUMF  [15].  The  project  ISAC-II  is  well  advanced 
and  the  first  stage  of  the  post-accelerator  consisting  of 
~  20  MV  of  accelerating  voltage  is  planned  for 
commissioning  by  April  2005. 

The  EUROSOL  project  has  been  discussed  during  last 
several  years  extensively  (see,  for  example,  [16]).  The 
project  calls  for  a  100  MeV/u  post-accelerator  with  multi- 
q  acceleration  feature.  The  latter  significantly  reduces  the 
required  total  voltage  for  acceleration  of  the  heaviest  ’^^Sn 
ions  and  provides  almost  complete  transmission  after  two 
stripping  stages. 

Multi-q  beam  acceptance  from  charge-breeder 

There  are  wide  discussions  and  proposals  to  use  ECR 
charge-breeders  to  produce  higher  charge  state  RIBs  at 
very  low  velocities  before  the  injection  into  the  RFQ  or 
other  resonant  accelerating  structures.  For  example,  this 
configuration  is  accepted  as  a  baseline  design  for  the 
ISAC-II  [15]  and  EUROSOL  [16].  A  technique  to  accept 
two  charge  states  of  stable  ions  from  the  ECR  and 
accelerate  them  simultaneously  in  an  RFQ  has  been 
reported  in  ref  [3].  Similar  technique  can  be  applied  to 
accept  two  or  three  charge  states  from  the  charge-breeder 
of  radioactive  ions.  Figure  6  shows  an  injector 
configuration  which  can  accept  three  charge  states  from 
the  charge-breeder  and  accelerate  them  in  the  RFQ.  In  this 
particular  example  the  RFQ  has  similar  parameters  as  the 
ISAC-I  RFQ  operating  at  35  MHz  and  accelerating  ions 
with  minimum  charge-to-mass  ratio  1/30  from  2  keV/u  to 
150  keV/u  [17].  Two  bending  magnets  2  and  two 
electrostatic  quadrupoles  3  are  tuned  to  provide  an 
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achromatic  bend  of  three  charge  states.  The  multi- 


Figure  6:  Schematic  layout  of  the  multi-q  RIB  injector. 
Legend:  1  -  charge  breeder;  2  -  45°  bending  magnet;  3  - 
electrostatic  quadrupole;  4  -  multi-harmonic  buncher;  5  - 
resonator,  6-35  MHz  RFQ. 


Figure  7:  Phase  space  plots  of  three-charge-state  gold 
beam  at  the  exit  of  the  RFQ. 


harmonic  buncher  (MHB)  4  operating  at  fundamental 
frequency  35/3  MHz  modulates  ion  velocities  of  three 
neighbouring  charge  states.  Over  the  drift  space  from  the 
MHB  4  and  following  resonator  5  the  distance  between 
the  bunches  of  charge  states  q-1,  q  and  q+l  becomes 
equal  to  120°  at  the  fundamental  frequency.  Therefore  in 
the  RFQ,  each  charge  state  occupies  its  own  bucket.  The 
resonator  5,  operating  at  the  fundamental  frequency, 
serves  as  a  velocity  equalizer  (VE).  It  does  not  change  the 
velocity  of  the  ion  with  central  charge  state  q  but 
equalizes  velocities  of  ions  with  charge  states  q-1  and 
q+l.  The  straight  section  of  the  LEBT  upstream  of  the 
RFQ  is  filled  by  the  focusing  elements  which  provide 
matching  to  the  RFQ  acceptance. 

As  an  example,  we  have  designed  the  injector  and 
simulated  a  ^“®Au  ion  beam  with  charge  states  19,20,21 
from  the  ECR  source  to  the  end  of  the  RFQ.  If  beam 
matching  is  done  carefully  there  is  no  transverse 
emittance  growth  of  a  three-c  Wge-state  beam. 

Acceleration  of  a  three-charge-state  beam  can  be  done 
with  and  without  the  VE.  Using  the  VE  one  can  get  lower 
longitudinal  emittance  of  multi-q  beam.  However  the 
energy  acceptance  of  the  RFQ  is  large  and  three-  charge- 
state  beams  can  be  accelerated  without  any  VE  with  the 
same  efficiency  89%  as  for  the  single-charge-state  beam. 
Table  2  shows  the  longitudinal  rms  emittance  for  three 
regimes  of  the  injector  operation:  acceleration  of  a  single 
charge  state  and  3  charge  state  acceleration  with  and 
without  the  VE.  Figure  7  shows  phase  space  plots  for  a 
three-charge-state  beam  without  the  VE  (the  left  plots) 
and  with  the  VE  (the  right  plots).  As  is  clear  the  velocity 
equalizer  helps  to  produce  brighter  beam  in  the 


longitudinal  phase  space  and  reduces  rms  emittance  of  the 
accelerated  multi-q  beam. 


Table  2.  Longitudinal  rms  emittance  at  the  exit  of  the 
RFQ  (jtkeV/u-nsec) 


Single  q 

3-q  with  VE 

3-q  without  VE 

0.16 

0.35 

0.63 

CONCLUSION 

The  capabilities  of  SC  linacs  to  accelerate  intense 
heavy-ion  beams  can  be  substantially  improved  by  the 
multiple-charge-state  beam  acceleration.  These  results 
have  important  implications  for  the  proposed  RIA  facility 
for  short-lived  beams  of  nuclei.  The  technique  is  widely 
accepted  by  accelerator  physicists  worldwide  and  a 
number  of  heavy-ion  linacs  are  being  designed  with 
multi-q  beam  accelerating  capability. 
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Abstract 

A  fundamental  aspect  of  particle  physics  is  the  spin  of 
the  particles.  With  polarized  beams,  the  internal  structure 
of  the  proton  may  be  probed  in  ways  that  are  unattainable 
with  unpolarized  beams.  The  Relativistic  Heavy  Ion  Col¬ 
lider  (RHIC)  has  the  unique  capability  of  colliding  protons 
with  both  transverse  and  longitudinal  polarization  at  center- 
of-mass  energies  up  to  500  GeV.  In  this  paper  we  examine 
the  methods  used  to  accelerate  and  manipulate  polarized 
proton  beams  in  RHIC  and  its  injectors.  Special  techniques 
include  the  use  of  a  partial  Siberian  snake  and  an  ac  dipole 
in  the  AGS.  In  RHIC  we  use  four  superconducting  helical 
Siberian  snakes  (two  per  ring)  for  acceleration,  and  eight 
superconducting  helical  rotators  for  independent  control  of 
polarization  directions  at  two  interaction  regions. 


in  the  AGS  and  and  each  RHIC  ring,  as  well  as  local  po- 
larimeters  at  the  STAR  and  PHENIX  detectors.  There  is  a 
partial  Siberian  snake  in  the  AGS  and  a  pair  of  full  Siberian 
snakes  in  each  of  the  RHIC  ring.  Around  each  of  the  STAR 
and  PHENIX  detectors  are  four  rotators  as  shown  to  ma¬ 
nipulate  the  polarization  direction  through  the  experiment. 
There  is  an  rf  dipole  magnet  in  the  AGS  to  aid  in  spin  res¬ 
onance  crossing.  RHIC  has  an  additional  ac  dipole  which 
will  be  used  for  spin  flipping.  A  hydrogen  jet  polarimeter  is 
presently  under  construction  and  will  provide  in  the  fiiture 
an  absolute  calibration  of  the  CNI  polarimeters  in  RHIC. 

SPIN  PRECESSION  AND  DYNAMICS 

In  the  local  rest  frame  of  the  proton,  the  spin  precession 
of  the  proton  obeys  the  Thomas-Frenkel  equation:  [2] 


INTRODUCTION 

The  RHIC  collider  has  been  described  in  detail  else- 
where[l],  but  it  is  worth  noting  (see  Fig.l)  the  particular 
components  used  for  spin  control. 
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Figure  1:  The  accelerator  complex  for  polarized  protons. 
The  beam  in  the  RHIC  Blue  ring  goes  clockwise  and  in  the 
Yellow  ring  counterclockwise. 

An  H~  beam  with  polarized  protons  is  produced  by  the 
optically  pumped  polarized  ion  source  (OPPIS).  The  H“ 
beam  is  accelerated  in  the  RFQ  and  linac  to  200  MeV 
(7  =  1.21).  The  beam  is  then  stripped  on  injection  to  the 
Booster  and  accelerated  to  2.46  GeV  (7  =  2.62).  Accelera¬ 
tion  continues  in  the  AGS  up  to  24.3  GeV  (7  =  25.94)  fol¬ 
lowed  by  transfer  into  either  of  the  RHIC  rings.  There  are 
several  polarimeters  to  measure  the  polarization  at  various 
stages:  one  at  the  source,  another  at  the  end  of  the  linac, 
a  p+C  CNI  (Coulomb  Nuclear  Interference)  polarimeters 

•Work  performed  under  the  auspices  of  the  U.  S.  Department  of  En¬ 
ergy  (contract  #  DE-ACO2-98CH10886)  and  RIKEN  of  Japan. 

1  waldo@bnl.gov 


This  is  a  mixed  description  with  t,  B,  and  E  in  the  lab 
frame,  but  having  the  spin  in  local  jest  frame  of  the 
proton  where  the  spatial  components  of  do  not  suffer  the 
Lorentz  lengthening  of  when  boosted  to  the  lab  frame. 
Here  the  anomalous  5-factor  of  the  magnetic  moment  for 
the  proton  is 

G  =  =  1.7928.  (2) 

If  we  consider  the  simple  case  of  an  idealized  particle 
with  a  flat  closed  orbit  and  spin-component  in  the  horizon¬ 
tal  plane  and  only  vertical  magnetic  fields,  Eq.  1  simplifies 
to 

^  =  4;^  4(1+07)57].  (3) 

dp  q  ^  - 

is  the  Lorentz  force  for  comparison.  In  this  case  the  spin 
component  precesses  a  factor  of  1  -f  G7  times  faster  than 
particle’s  velocity.  A  spin  tune  can  be  defined  the  num¬ 
ber  of  precessions  of  the  spin  in  the  particle’s  rest  frame  per 
turn  (see  Fig.  2a).  In  this  case  z/g  =  G7.  It  should  be  noted 
that  for  a  simple  ring  1/5  is  proportional  to  energy. 

A  radial  field  component  causing  a  vertical  deflection  of 
the  particle  by  an  angle  a  will  cause  the  spin  to  process 
about  the  radial  direction  by  an  angle  (1  -|-  G7)q.  Since 
rotations  about  different  axes  do  not  commute,  such  verti¬ 
cal  excursions  can  modify  the  amount  of  precession  and  the 
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Figure  2:  a)  Conceptual  plot  of  spin  precession  of  the  hori¬ 
zontal  spin  component  for  a  spin  tune  of  i/g  =  4.5.  b)  Con¬ 
ceptual  example  of  the  intrinsic  resonance  Qy  =  14  =  5.5. 

spin  tune.  In  addition  the  local  axis  about  which  the  spins 
precess  may  move  away  from  the  vertical. 

Integer  (imperfection)  resonances  which  are  caused  by 
misalignments  of  magnets  can  be  quite  strong  and  may 
flip  the  direction  of  polarization  as  the  energy  is  ramped. 
For  protons  the  energy  separation  of  the  imperfection  reso¬ 
nances  is  523  MeV. 

The  deflections  of  the  vertical  betatron  oscillation  also 
cause  vertical  precessions  which  can  build  up  when  the  spin 
tune  matches  the  vertical  betatron  tune  Q^.  (See  Fig.  2b.) 
This  type  of  resonance  is  called  an  intrinsic  resonance. 
Clearly  there  can  be  coupling  resonances  where  the  hor¬ 
izontal  tune  comes  into  play,  and  in  electron  rings  with 
large  synchrotron  oscillations,  there  are  even  synchrotron 
sidebands.  For  the  most  common  resonances  (intrinsic  and 
imperfection)  the  resonance  condition  may  be  written  as 

Us  =  N  +  N^Q^,  (5) 

where  N  and  are  integers. 

Invariant  spin  field 

For  the  usual  six  dimensional  phase  space  we  have  a 
closed  orbit  with  the  periodicity  condition  +  L)  = 
qo{s)  where  L  is  the  circumference  of  the  ring,  and  the 
subscript  zero  indicates  the  closed-orbit  trajectory.  For 
the  closed  orbit,  we  can  calculate  a  stable  spin  direction 
no(s)  =  no{s  +  L).  Other  particles  which  are  not  on 
the  closed  orbit  see  different  fields  on  every  turn  so  that 
the  amount  of  spin  precession  and  direction  will  vary  from 
turn  to  turn.  For  reasonable  conditions  we  can  still  find  a 
periodic  condition  for  different  locations  in  phase  space,  if 
we  treat  stable  spin  direction  n{q,  p,  s)  as  a  field  associated 
with  a  point  in  phase  space  rather  than  being  attached  to  in¬ 
dividual  particles.  [3]  For  a  given  ensemble  of  particles  the 
maximum  possible  polarization  can  not  be  more  than  the 
ensemble  average  of  the  spin  field,  although  it  may  be  less 
than  this  value.  The  individual  particles  may  have  spins 
which  are  not  pointing  in  the  direction  of  the  corresponding 
n-vector.  Away  from  spin  resonances  the  spin  field  vectors 
will  be  pointing  in  roughly  the  same  direction,  but  near  a 
resonance  they  can  deviate  quite  wildly.  Even  though  the 
polarization  average  of  the  ensemble  may  drop  to  zero  near 
a  resonance,  the  average  may  recover  a  nonzero  value  later 
when  moving  away  from  the  resonance.  In  contrast  to  pro- 


Figure  3:  Illustration  of  the  invariant  spin  field.  For 
the  closed  orbit  no{s)  =  no{s  +  L),  with  coordinates 
Qois)  =  go(s  +  L)  and  polarization  direction  .Po(s)  = 
.Po(s  -I-  L).  For  other  locations  in  phase  space:  n{q,  p,  s)  = 
n(q,  p,s  +  L),  even  though  in  general  q{s  +  L)  ^  q{s)  wd 
P(s  +  L)^P{s). 


tons,  electrons  will  lose  this  memory  of  polarization  very 
quickly  due  to  radiation  effects. 

THE  REAL  MACHINES 

The  linac  provides  a  beam  with  about  70%  polarization. 
In  the  Booster  (G7  from  2.18  to  4.7),  we  cross  two  im¬ 
perfection  resonances  by  actually  increasing  the  vertical 
closed  orbit  distortion  to  cause  two  total  spin  flips.  We  ex¬ 
tract  just  below  the  first  intrinsic  resonance  i's  =  Qv  =  4.9. 

In  the  AGS  with  a  more  complicated  resonance  strac- 
ture;  the  acceleration  goes  from  Gy  =  4.7  up  to  46.5.  Here 
we  use  a  partial  solenoidal  snake  to  cause  a  larger  lattice 
disturbance  with  a  rotation  of  the  spin  about  the  longitu¬ 
dinal  axis  (see  Eq.  1)  and  enhance  spin  flipping  at  the  im¬ 
perfection  resonances.  A  single  partial  snake  in  the  ring 
will  open  up  stop  bands  in  the  spin  tune  at  the  integer  as 
shown  in  Fig.  4a.  Since  a  partial  snake  will  tilt  the  sta¬ 
ble  spin  direction  away  from  the  vertical,  in  the  AGS  we 
inject  with  the  snake  essentially  off  and  then  ramp  it  up 
to  about  5%  (9°  of  rotation)  for  the  ramp.  At  flattop,  the 
snake  is  ramped  down  to  about  0.3%  (essentially  off)  for 
extraction  to  RHIC.  With  a  single  full  snake  in  a  ring  the 
fractional  part  of  Vs  will  be  5,  and  we  could  expect  the  im¬ 
perfection  resonances  go  away.  With  a  single  full  snakp^ 
the  stable  spin  direction  is  in  the  horizontal  plane  which 
makes  it  difficult  to  match  polarization  from  one  ring  to 
the  next.  As  we  increase  energy,  more  precessions  hap¬ 
pen  in  the  space  between  snake  crossings,  and  the  delete¬ 
rious  effects  still  build  up,  so  that  at  RHIC  energies  up  to 
Gy  —  478  (250  GeV)  a  single  snake  would  not  be  enough 
to  maintain  a  reasonable  amount  of  polarization.  Higher 
energies  require  more  snakes. 

In  RHIC  we  typically  inject  and  ramp  with  two  full 
snakes  on  opposite  sides  of  the  rings  (see  Fig.  4b).  Here 
the  stable  spin  direction  is  vertical  outside  the  snakes;  a 
spin-up  bunch  in  one  half  of  the  flips  over  at  a  snake  to 
point  down  in  the  other  half  of  the  ring  and  flips  back  to  up 
in  the  second  snake. 

The  Froissart-Stora  formula[4]  gives  the  ratio  of  final  to 
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Figure  4:  a)  A  single  partial  snake  in  a  ring  opens  up 
stop  bands  for  the  spin  tune.  The  pereentage  refers  to  the 
amount  of  spin  rotation  from  the  snake:  100%  corresponds 
to  180°  of  rotation,  b)  With  two  full  snakes  on  opposite 
sides  of  the  ring  that  have  rotation  axes  perpendicular  to 
each  other  the  stable  direction  spin  will  be  vertically  up  in 
one  half  of  the  ring  and  down  in  the  other  half,  and  the  spin 
tune  will  be  0.5. 

initial  polarization  for  an  isolated  resonance  crossing: 


where  a  =  dG'^/dO  is  the  ramp  rate  in  units  of  G7  per  ra¬ 
dian  of  bend  around  the  ring,  and  e  is  the  resonance  strength 
of  the  vertical  oscillation  or  Fourier  amplitude  of  the  driv¬ 
ing  component.  For  a  large  resonance  strength,  the  spin 
can  essentially  completely  flip  over.  Relative  intrinsic  res¬ 
onance  strengths  for  the  AGS  are  shown  in  Fig.  5. 

Fig.  6  shows  a  simulation  of  an  interesting  region  of  the 
energy  ramp  with  two  imperfection  crossings,  an  intrinsic 
crossing,  and  a  small  coupling  resonance.  An  ac  dipole  can 
be  made  to  vertically  shake  the  beam  near  the  betatron  tune 
line,  so  that  large  amplitude  oscillations  will  enhance  the 
spin  resonance  thus  inducing  more  spin  flip  at  the  intrinsic 
resonance.  With  the  ac  dipole  pulsed  at  the  i^s  =  0  -1-  Qv  in¬ 
trinsic  resonance,  a  second  simulation  shows  a  almost  com¬ 
plete  spin  flip  at  this  intrinsic  resonance. 

Using  the  CNI  polarimeter  in  the  AGS  we  were  able  to 
measure  the  polarization  flips  up  the  ramp  from  just  above 


O+v,  (Q„Q,)=(8.7,8.8),  (e„E_)=(20,10)it 


Figure  6:  Simulation  of  resonance  crossings  near  the  first 
intrinsic  resonance  in  the  AGS.  This  shows  two  imperfec¬ 
tion  resonances,  an  intrinsic  resonance  and  a  hint  of  a  cou¬ 
pling  resonance. 


Figure  7:  Simulation  of  the  resonance  crossing  of  Fig.  6 
with  an  ac  dipole  pulse  to  enhance  spin  flipping  at  the  in¬ 
trinsic  resonance.  The  polarization  is  almost  completely 
preserved. 


AGS  Intrinsic  Resonances 


Figure  5:  Calculated  relative  strengths  of  imperfection  res¬ 
onances  in  the  AGS.  It  should  be  noted  that  there  are  12  su¬ 
perperiods  in  the  AGS,  so  the  strongest  intrinsic  resonances 
occur  with  N  being  a  multiple  of  12  and  Ny  =  ±1. 


transition  energy  to  the  extraction  energy  by  collecting  data 
from  many  cycles  over  a  few  nights.  Fig.  8  shows  the  raw 
asymmetry  measurement  with  many  flips  at  the  integral  Gj 
values.  We  use  the  ac  dipole  to  enhance  spin  flipping  at  four 
intrinsic  resonances:  r/g  =  0  -f  Qy,  12  -f-  Qy,  36  -  Qy,  and 
36  -f  Qy.  Due  to  a  lack  of  strength  of  the  ac  dipole  we 
expect  a  loss  of  polarization  at  the  36  -|-  Qy  with  a  decrease 
by  a  factor  of  about  0.85  at  this  resonance. 

Fig.  9  shows  a  calculation  of  spin  tracking  by  some  large 
resonances  in  RHIC.  A  particle  at  a  large  amplitude  oscilla¬ 
tion  sees  a  larger  effect  when  crossing  the  resonances,  and 
in  this  case  does  not  recover  the  initial  polarization  direc¬ 
tion.  The  core  of  the  beam  with  smaller  amplitudes  shows 
a  good  retention  of  polarization.  We  have  measured  a  de¬ 
crease  in  polarization  sometimes  if  the  carbon  filament  tar¬ 
get  is  placed  in  the  tails  of  the  beam  away  from  the  core.  By 
severe  scraping  (to  1/6  intensity)  of  the  beam  in  the  Booster 
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j^Qy _ 24j^ _ -U-Qy 


Figure  8:  Measured  raw  asymmetiy  from  the  CNI  po- 
larimeter  above  transition  in  the  AGS.  Note  the  extra  flips 
induced  by  ac  dipole  pulses  at  12  +  Q^,  36  -  Q^,  and 
36  +  Qv  Since  we  do  not  know  the  energy  dependence  of 
analyzing  power  for  this  polarimeter  we  have  plotted  this 
as  raw  asymmetry  rather  than  absolute  polarization.  We 
estimate  that  here  the  final  asymmetry  at  extraction  corre¬ 
sponds  to  about  30%  polarization. 


Figure  9:  Calculation  of  spin  in  the  region  of  a  pair  of 
strong  resonances  in  RHIC.  Particles  with  larger  amplitude 
betatron  oscillations  may  experience  more  precession  away 
from  the  central  stable  spin  direction  no  of  the  center  of  the 
beam. 


in  all  three  dimensions  we  can  obtain  a  very  small  beam 
from  the  AGS  with  up  to  45%  or  more  polarization. 

RHIC  helical  Siberian  snakes  and  rotators 

A  snake  is  an  insertion  device  which  rotates  the  spin 
about  an  axis  in  the  horizontal  plane.  The  simplest  type 
of  snake  is  a  solenoid  which  rotates  the  spin  around  the 
longitudinal  axis.  As  can  be  seen  from  Eq.  1  the  amount 
rotation  from  a  longitudinal  field  decreases  with  energy, 
so  a  solenoid  becomes  less  effective  more  higher  energy 
machines.  Another  drawback  of  solenoids  is  orbital  cou¬ 
pling.  In  order  to  maintain  a  spin  tune  of  0.5  with  two 
snakes  on  opposite  sides  of  the  ring,  the  rotation  axes  of 
the  two  snakes  must  be  kept  perpendicular.  If  the  axes  were 
parallel,  the  spin  tune  would  be  zero  -  a  bad  situation  for 
maintaining  polarization. 

The  RHIC  snakes  are  constructed  of  four  helical  super- 


Reids  through  first  Snake 


Figure  10:  Superconducting  helical  Siberian  snake,  a) 
Magnetic  fields  along  design  orbit.  The  field  at  the  end  of 
each  helix  is  vertical,  b)  Cross  section  of  magnet  showing 
the  helical  windings.  The  iron  laminations  are  14  inches  in 
diameter. 


Figure  11:  Trajectory  and  spin  through  a  RHIC  snake. 

conducting  dipoles  with  right-handed  pitch  and  fields  as  in¬ 
dicated  in  Fig.  10.  Fig.  1 1  shows  the  snake-lflce  trajectory 
and  spin  rotation  through  a  RHIC  snake.  In  contrast  with 
the  solenoidal  snake,  in  a  helical  snake  spin  rotation  is  pri¬ 
marily  due  to  the  transverse  fields  so  that  the  rotation  is  es¬ 
sentially  independent  of  energy.  Each  snake  is  powered  by 
two  power  supplies:  The  outer  pair  of  helices  are  connected 
in  series  with  opposite  polarity  to  one  supply,  and  the  inner 
pair  are  likewise  connected  in  series  with  opposite  polarity 
to  the  second  supply.  This  orientation  of  fields  guarantees 
that  the  snake  will  act  as  an  insertion  device  with  minimal 
impact  on  the  orbit  outside  the  snake. 

There  is  another  type  of  spin  resonance  which  is  driven 
by  snakes  called  a  snake  resonance.  [4]  Fig.  12  shows  a  sim¬ 
ulation  of  snake  resonances  for  RHIC  with  two  snakes.  We 
have  actually  seen  indications  of  the  3/14  resonance  show¬ 
ing  up  with  decreased  or  zero  polarization  after  a  ramp 
when  the  horizontal  tune  Qh  has  come  close  to  and  some¬ 
times  crossed  3/14  as  shown  in  Fig.  13 

The  spin  rotators  for  longitudinal  polarization  are  made 
of  four  helical  superconducting  dipoles.  In  this  case  we 
alternate  the  handedness  of  the  pitch  rather  than  polarity. 
Moving  clockwise  around  both  rings  the  pattern  at  each  ro¬ 
tator  is:  right-left-right-left.  For  a  rotator  the  field  at  the 
end  of  each  helix  is  horizontal.  Each  pair  (inner  and  outer) 
of  helices  within  a  rotator  is  again  connected  in  series  to 
a  different  power  supply.  The  rotation  axis  of  this  kind  of 
rotator  lies  in  the  plane  perpendicular  to  the  beam  and  not 
necessarily  in  the  horizontal  plane  as  in  a  snake.  The  rota¬ 
tors  are  laid  out  around  one  of  the  experiments  as  indicated 
in  Fig.  14 

As  with  the  snakes  the  amount  of  rotation  is  essentially 
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Figure  12:  Simulation  of  hybrid  snake  resonances  in  RHIC. 
In  RHIC  we  have  observed  depolarization  with  coupling 
when  the  horizontal  betatron  tune  dips  down  to  3/14.  There 
is  also  depolarization  when  the  vertical  tune  nears  0.25. 


Figure  13:  Measured  betatron  tunes  in  the  Blue  ring 
through  the  energy  and  and  beta-squeeze  ramps.  The  in¬ 
jection  and  energy-ramp  lattice  has  /?*  =  10  m  at  all  six 
interaction  regions  in  both  planes.  After  reaching  the  oper¬ 
ating  energy  we  then  squeeze  the  PHENIX  and  STAR  IR’s 
to  1  m  and  and  the  BRAHMS  and  PHOBOS  IR’s  to  3  m 
leaving  the  two  remaining  IR’s  at  10  m. 

independent  of  energy.  However  due  to  the  net  horizontal 
bend  between  the  rotator  and  interaction  region  there  is  an 
energy  dependent  precession  which  must  be  compensated 
to  achieve  a  longitudinal  polarization  at  the  collision  point. 
Fig.  15  shows  how  the  spin  precession  differs  at  the  injec¬ 
tion  and  top  energies. 

PRESENT  RUN  STATUS 

One  of  the  inner  helical  dipoles  in  a  Yellow  ring  snake 
failed  with  an  open  eonductor.  We  reconfigured  the  snake 
to  mn  with  a  single  pair  of  helices  by  reversing  the  power 
supply  eonneetions  to  the  outer  pair  of  helices;  with  this 
configuration  the  snake  can  provide  a  rotation  of  p  =  158  ° 
and  the  required  rotation  axis  of  =  —45°  to  maintain 
I's  =  0.5.  Rotators  around  PHENIX  have  been  turned  on 
and  are  providing  longitudinal  polarization  after  changing 
the  polarity  of  the  power  supplies.  [5]  (With  the  wrong  sign 


Figure  14:  There  are  two  rotators  in  each  ring  on  either 
side  of  both  the  STAR  and  PHENIX  detectors.  Between 
the  rotators  and  experiment  are  four  dipoles  (DO  and  DX) 
to  steer  the  beams  into  head-on  collisions.  The  final-focus 
triplets  (not  indieated)  are  located  between  the  rotators  and 
and  DO  magnets.  For  each  ring  the  incoming  rotator  and 
outgoing  rotator  are  parallel.  There  is  a  net  bend  angle  of 
d=3.675  mrad  from  the  rotator  to  the  eollision  point. 


Figure  15:  Spin  precession  through  a  rotator  from  verti¬ 
cal  to  horizontal  for  two  energies:  24.3  GeV  (left)  and 
250  GeV  (right).  At  the  lower  energy  the  horizontal  pre¬ 
cession  from  the  DO  and  DX  magnets  is  only  about  10°, 
but  at  250  GeV  it  is  about  100°. 

at  100  GeV  the  polarization  is  effectively  radial.  Oops.) 

The  injected  polarization  is  frequently  above  40%  in 
RHIC,  but  we  appear  to  be  losing  a  quarter  to  a  half  of 
the  polarization  during  the  beta-squeeze  ramp.  Squeezing 
to  1  m  at  100  GeV  causes  the  beam  to  explore  the  edges 
of  the  triplet  aperture  with  strong  nonlinearities  and  cou¬ 
pling.  In  the  previous  mn  we  saw  evidenee[6]  of  the  3/14 
snake  resonanee  with  coupling  depolarizing  the  beam  with 
=  3  m  at  all  six  IR’s.  With  the  weak  snake  in  the  Yel¬ 
low  ring,  the  polarization  at  storage  is  not  quite  as  good  as 
in  the  Blue  ring.  While  we  have  aeeomplished  a  lot  in  the 
few  weeks  per  year  dedicated  to  polarized  protons,  there  is 
still  a  lot  of  complieated  work  yet  to  reach  the  full  potential 
of  the  world’s  first  polarized  hadron  collider. 
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Abstract 

The  force  from  a  non-uniform  electric  field  on  the 
electric  dipole  moment  of  a  molecule  may  be  used  to 
circulate  and  focus  molecules  in  a  storage  ring.  The 
nature  of  the  forces  from  multipole  electrodes  for  bending 
and  focusing  are  described  for  strong-field-seeking  and 
for  weak-field-seeking  molecules.  Fringe-field  forces  are 
analyzed.  Examples  of  storage  ring  designs  are 
presented;  these  include  long  straight  sections  and  provide 
bunching  and  acceleration. 

INTRODUCTION 

Molecules  that  have  an  electric  dipole  moment  can  be 
deflected,  focused  and  accelerated  by  gradients  of  an 
electric  field.  We  are  studying  the  design  of  a  storage 
ring  for  molecules  that  will  have  bunching  and  straight 
sections  for  experimental  purposes.  It  will  make  available 
molecules  in  free  space  for  scattering  and  spectroscopic 
measurements.  In  a  circular  ring  constructed  by 
Crompvoets  et.  al.  [1],  single  bunches  of  molecules  have 
been  injected  and  observed  to  circulate  for  six  turns.  To 
provide  a  large  current  of  molecules  for  injection  at  low 
velocity,  these  must  be  decelerated  from  a  high-intensity 
source. 


Figure  1:  Potentials  of  methyF  fluoride  (CH3F)  in  the 
ground  state  (solid  curve)  and  of  deuterated  arnmnnii^ 
(14N2H3)  in  the  |J,K,M>=|1,1,-1>  state  (dashed  curve). 


In  a  2-dimensional  field  that  is  the  gradient  of  the 
potential 


FORCES 

The  force  on  a  molecule  from  a  gradient  in  electric  field 
magnitude  is  given  by 

F  =  -VW(E)  =-^VE  =PVE  (1) 

dE 

where  W  is  the  potential  of  the  polarized  molecule  in  the 
field  of  magnitude  E  and  P  is  its  effective  dipole  moment 
in  the  field  E.  In  contrast  with  a  charged  particle,  here  the 
force  is  a  function  of  the  magnitude  of  E  without  regard 
for  the  direction  of  E.  The  function  W  depends  on  the 
type  of  molecule  and  its  rotational  state  and  P  may  be 
either  in  the  direction  of  the  field,  positive,  or  opposed, 
negative.  This  polarity  of  P  makes  the  molecule  either 
strong-field-seeking  or  weak-field-seeking.  Examples  of 
W  are  shown  in  Fig.  1. 


♦Work  supported  by  the  Office  of  Science,  U.S.  Department  of 
Energy  under  Contract  No.  DE-AC03-76SF0(X)98 


T'  =  Eo[y  +  a2xy+a-i(^x  -■^)y] 
the  forces  on  the  x  and  y  axes  are 

Fx{x,Q)=  PEo{a2+aj,x) 

Fy{0,y)= 

V(«2 yf  +  a-oi  y^f 


(2) 

(3a) 

(3b) 


The  strength  Eo  of  the  dipole  component  determines  the 
polarization  P.  In  the  absence  of  a  quadrupole  term,  i.e. 
02=0,  this  biased  sextupole  provides  focusing  and 
defocusing  much  like  a  quadrupole  does  for  a  charged 
particle.  A  biased  quadrapole,  02  only,  will  provide  an  x- 
deflecting  force  and  a  y-defocusing  force  for  strong-field- 
seekers  or  y-focusing  for  weak-seekers.  And  with  all 
three  multipole  components  in  the  field,  one  may  have 
focusing  in  both  directions  for  weak-seekers  but  not  this 
double-focusing  for  strong-seekers.  While  the  forces  for 
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small  excursions  can  be  nearly  linear  on  the  axes, 
elsewhere  they  are  not.  This  is  shown  in  Fig.  2  where  off- 
axis  forces  for  CH3F  in  a  typical  biased  sextupole  field  are 
plotted.  The  addition  of  decapole  and  higher  multipoles 
can  alter  the  character  of  the  nonlinearities.  The 
advantages  of  this  have  not  been  fully  explored. 


Figure  2:  Force  functions  in  a  combined  dipole  and 
sextupole  field.  F^  at  y  =  0,  5,  and  10  mm.  Fy  at  x  =  0,  5, 
and  10  mm.  (upper)  =  2000.  (lower)  As  in  upper  but 
with  added  decapole,  a$  =  1350000;  off-axis  forces 
superpose  those  on  axis  but  all  are  now  nonlinear. 


The  fringing  fields  at  entrance  and  exit  of  a  field 
electrode  have  a  focusing  effect  in  the  direction  of  the  E- 
field.  This  is  in  the  defocusing  sense  for  strong-field- 
seekers  and  focusing  for  weak-field-seekers.  If  a 
molecule  is  moving  in  the  z  direction  at  distance  y  from 
the  midplane  in  a  known  fringe  field,  one  can  numerically 

.  -dW 

integrate  to  find  the  molecule’s  motion.  A 

useful  approximation  for  small  y  requiring  only  the  field 
on  the  midplane  uses 


Si^Ey 


K  ^  J 


(4) 


The  overall  focusing  from  passage  through  a  length  of 
changing  field  can  then  be  expressed  as  a  lens  of  focal 
length /calculated  as 


1 

dW 

1  I 

'dEy'' 

1'  d^Ey] 

/■ 

■’  y  dz^ 

dE 

1 

^1 

to| 

1 _ 

Here  W,  E,,  and  the  velocity  v  all  vary  with  z  but  this  is 
still  the  most  compact  nearly-analytical  way  to  obtain  the 
effect  of  a  fringing  field.  We  see  that  by  reducing  dE/dz 
by  making  the  fringing  length  longer  one  could  reduce  an 
undesired  fiinge-effect,  but  that  often  conflicts  with  the 
desire  to  reduce  the  overall  length  of  a  molecule  guide 
field. 

To  accelerate  the  molecule,  a  gradient,  or  AE,  in  the 
direction  of  motion  gives  an  energy  change 

1  2 

A  —  mv  =  AW{E)  (6) 

However,  if  a  molecule  is  in  a  uniform  field  that  changes 
with  time,  no  acceleration  results.  Therefore  if  a 
molecule  enters  a  field  region  and  then  the  field  is 
reduced,  a  strong-field-seeker  will  have  gained  velocity, 
or  a  weak-field-seeker  will  lose  velocity.  This  process 
can  be  used  repeatedly  to  make  a  large  change  in  velocity 
or  may  be  used  with  a  ramped  field  pulse  to  act  as  a 
buncher. 


RING  FOR  A  WEAK-FIELD-SEEKER 

As  noted  above,  a  bending  field  may  be  made  to  provide 
focusing  simultaneously  in  the  two  transverse  directions 
for  a  weak-field-seeking  molecule.  And  the  fringe  fields 
are  focusing.  These  actions  aid  greatly  in  designing  a 
storage  ring.  But  because  the  weak-seeker  is  not  in  the 
ground  state,  it  is  susceptible  to  transition  to  another  state 
if  in  a  weak  and  direction-changing  field.  Therefore  the 
ring  must  have  on  the  entire  orbit  a  polarizing  field  of 
unchanging  sign,  but  this  is  not  difficult  to  provide. 

The  molecule  in  this  example[2]  is  deuterated  ammonia 
('“'N^Hs)  in  the  state  p,K,M>=ll,l,-l>.  The  velocity  in 
field-free  space  is  90  m/s,  about  10  kelvin  energy.  The 
ring  is  in  racetrack  configuration  as  seen  in  Fig.  3.  Arc 
radius  is  20  cm  and  ring  circumference  is  3.36  meter. 
Straight  sections  are  each  1  meter  with  32  cm  free  for 
injection  and  access  to  the  beam  of  molecules.  Taking 
advantage  of  the  double-focusing,  the  90°  arc  electrodes 
are  continuous  sextupoles  in  which  the  orbit  is  offset  fi-om 
zero  field  to  provide  the  bending  force;  the  gap  is  12  mm. 
An  alternating-gradient  triplet  of  biased  sextupole  lenses 
matches  the  beam  motion  from  the  arc  into  the  straight 
section.  The  horizontal  betatron  tune  is  5.25  and  vertical, 
5.20.  the  betatron  functions  and  the  dispersion  are  shown 
in  Fig.  4.  The  field  strengths  and  multipole  coefficients  of 
the  guide-field  elements  are  given  in  Table  I.  Transverse 
acceptances  of  the  ring  are  35  mm-mrad  horizontal  and  71 
mm-mrad  vertical  with  ±1%  momentum  spread.  At  the 
bunchers,  the  dispersion  should  be  zero  to  avoid  synchro¬ 
betatron  coupling;  to  facilitate  this  the  betatron  phase 
advance  is  2n  in  each  quadrant  of  arc. 


411 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


0  0.5 


Figure  3:  Layout  of  ring  for  deuterated  ammonia  at  90 
m/s.  Focusing  lenses  are  labeled  Q,  and  bunchers,  BU. 


The  bunches  are  injected  into  60  longitudinal  buckets 
created  by  six  parallel-plate  bunching  electrodes  in  the 
ring.  The  field  in  a  buncher  is  pulsed  at  1.6  KHz  with  a 
triangular  waveform  that,  as  required,  accelerates  late- 
arriving  molecules  and  decelerates  early  ones.  The  field 
seen  by  an  on-energy  molecule  is  only  1  MV/m  in  a  gap 
of  30  mm.  Bunches  with  ±1%  velocity  spread  that  are 
captured  in  the  ring  are  7  mm  long  and  spaced  56  mm. 
Using  a  pulsed  jet  source  into  the  decelerator,  a  single 
bunch  contains  6.8  x  10*  molecules  and  if  all  60  buckets 
are  filled,  the  circulating  intensity  would  be  1.1  x  10‘^ 
molecules  per  second.  The  bunchers  may  be  used  to 
decelerate  the  bunches  by  synchronously  sweeping  their 
frequency  and  the  strengths  of  the  ring  guide  fields. 
Without  tune  compensations,  the  velocity  may  be  reduced 
to  60  m/s;  with  more  controllable  field  parameters,  this 
could  be  extended. 


Figure  4;  Betatron  functions  and  dispersion  of  the 
ring. 


Table  I:  Field  Strengths  Eo,  Multipole  Coefficients,  and 
Lengths  L  of  the  Guide  Fields  in  the  Ring 


Eo 

02 

03 

L 

[MV/m] 

[m-'j 

[m-'j 

[cm] 

Bend 

3.37 

157 

5667 

31.4 

QF 

2.88 

0 

-2000 

6.0 

QD 

3.55 

0 

-2000 

8.0 

QBF 

4.30 

0 

-2000 

3.0 

Injection  is  from  a  decelerator  that  brings  molecules 
from  310  m/s  to  90  m/s  in  a  length  of  3.4  meter.  Bunches 
from  the  decelerator  are  injected  through  a  bending 
electrode  similar  to  that  used  in  the  arcs  of  the  ring  but 
pdsed  off  in  a  time  that  is  much  less  than  the  38  msec 
circulation  period  to  allow  filling  of  a  large  fraction  of  the 
circumference. 


RING  FOR  A  STRONG-FIELD-SEEKER 

The  molecule  in  this  example[3]  is  methyl  fluoride  (CtfF) 
in  its  ground  state  at  30  m/s.  As  seen  in  Fig.  1,  the 
potential  W  is  quite  nonlinear  and  in  beam  trajectory 
calculations  this  must  be  used  to  find  the  velocity  and 
force  at  each  point  as  the  molecule  moves  through  fields 
of  various  strengths.  This  is  a  greater  factor  at  low 
velocity.  For  example,  the  30  m/s  is  the  velocity  in  zero 
field;  that  rises  to  33.2  m/s  in  the  4  MV/m  field  of  the 
bend  electrodes. 

This  example  ring  has  eight  superperiods,  each  with  arc 
and  straight  sections  as  shown  in  Fig.  5.  The 
circumference  is  9.85  meter  and  tunes  are  13.37 
horizontal  and  10.40  vertical.  Acceptances  are  11  mm- 
mrad  horizontal  and  21  vertical  with  ±1.2%  velocity 
spread.  An  arc  has  four  cells  with  D/2-F-D/2  lattice;  a 
cell  has  7t/2  phase  advance  in  each  plane.  Each  F  and  D 
sector  in  a  cell  has  a  dipole  and  a  quadmpole  component 
to  provide  the  deflection  and  a  sextupole  term  that 
reverses  between  F  and  D.  Field  strength  across  the  8  mm 
aperture  varies  only  about  1%.  The  plate  voltages  of  F 
and  D  are  alike  so  that  adjacent  ends  of  successive  sectors 
may  be  brought  very  close  to  reduce  fringing  fields  in  the 
transition  region  between  them.  A  D-F-D  triplet  of  lenses 
matches  from  arc  to  straight. 

The  force  of  gravity  can  displace  by  millimeters  the 
vertical  closed  orbit  if  not  compensated.  A  small  vertical 
deflecting  electrode  in  each  triplet  region  reduces  the 
displacement  to  about  0.1  mm  at  mid-straight  as  shown  in 
Fig.  6.  This  correction  may  be  adjusted  when  the  velocity 
of  the  circulating  molecules  is  changed. 
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Figure  5:  Layout  of  the  storage  ring  for  methyl  fluoride. 


X(m) 

Figure  6:  Displacement  of  the  vertical  closed  orbit  by 
gravity  force,  with  and  without  compensation. 

DECELERATOR  DESIGN 

A  decelerator  to  provide  low-velocity  molecules  for 
injection  is  a  substantial  part  of  a  storage  ring  facility.  It 
consists  of  a  series  of  pulsed  electrodes  with  uniform 
fields;  in  each  of  these,  the  field  E  reduces  the  molecule’s 
energy  as  in  Eq.  6[3].  Many  such  electrodes  are  required; 
for  methyl  fluoride,  120  electrodes  with  pulsed  field  of  9 
MV/m  are  required  to  reduce  310  m/s  to  30  m/s.  Between 
the  pulsed  electrodes  one  needs  focusing  lenses;  in  the 
case  of  strong-seeking  CH3F,  one  lens  for  each  pulsed 
decelerating  electrode  is  required  to  confine  the  molecules 
transversely  in  the  presence  of  the  defocusing  from  fringe 
fields.  Each  electrode  must  have  a  length  of  uniform  field 
for  the  bunch  and  this  added  to  the  lengths  of  fringing 


determines  the  bunch  spacing  and  frequency  at  the  exit 
end.  A  small  slope  on  the  top  of  the  voltage  pulse 
provides  bunching  action.  If  the  same  train  of  shaped 
pulses  is  applied  to  all  electrodes,  the  bunch  length  varies 
as  the  square-root  of  velocity  while  bunch  spacing  is 
proportional  to  velocity.  This  allows  the  electrode  lengths 
to  be  halved  in  an  upstream  portion  of  the  array  and 
greatly  reduces  its  overall  length.  Some  parameters  of  a 
15.1-meter  long  decelerator  for  CH3F  are  given  in  Table 
II.  There  are  two  electrodes  per  bunch  spacing  for 
velocity  above  102  m/s. 

Table  II:  Decelerator  Parameters 


Entering  velocity  [m/s]  310 

Exit  velocity  [m/s]  30 

Exit  emittance  [mm-mrad]  30 

Exit  bunch  length  [mm]  8 

Electrode  gap  [mm]  6 

Pulsed  decelerating  field  [MV/m]  9 

Lens  dipole  component  [MV/m]  4.5 

Entrance  electrode  length  [mm]  124 

Exit  electrode  length  [mm]  24 

Overall  length  [m]  15.1 


CONCLUSIONS 

For  each  manipulation  with  polar  molecules  there  appears 
to  be  a  method — different  from  that  for  charged  particles 
and  often  with  aggravating  nonlinearities.  But  the  low 
velocity  brings  the  convenience  of  slow  time  scales  for 
the  components  and  small  size.  Electrodes  for  the  guide 
fields  are  easy  to  fabricate  and  power.  Storage  ring 
concepts  at  this  time  are  not  highly  developed.  We  need 
some  experience  as  a  preparation  for  more  ambitious 
designs  in  response  to  the  needs  of  users. 
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Abstract 

Compared  to  muon  acceleration  in  re-circulating  lin¬ 
ear  accelerators,  considered  earlier,  muon  acceleration  in 
FFAG  rings  holds  the  promise  of  having  one  arc  instead 
of  several,  and  a  smaller  number  of  RF  cavities;  i.e.,  us¬ 
ing  more  than  a  few  turns  for  aeeeleration  from  about  6 
to  about  20  GeV/c.  We  consider  non-scaling  FFAG  ma¬ 
chines  (but  with  limited  tune  variation)  that  are  essentially 
strong-focusing  rings  with  a  dispersion  small  enough  to 
keep  muons  over  the  full  momentum  range  inside  the  same 
magnet  aperture.  We  compare  several  scenarios:  (i)  Rings 
with  straight  sections,  long  enough  -  a  few  metres  -  to  house 
super-conducting  RF  cavities  at  about  200  MHz  (and  with 
enough  space  for  decay  of  the  magnetic  fields  in  neighbour¬ 
ing  components  to  a  level  of  about  10  mGauss;  (ii)  Rings 
with  shorter  straight  sections,  just  long  enough  about  a  me¬ 
tre  to  house  normal-conducting  RF  cavities  also  operating 
at  about  200  MHz;  (iii)  Racetrack-shaped  rings  with  com¬ 
pact  arcs  without  RF  cavities,  joined  to  long  straight  sec¬ 
tions  with  super-conducting  RF  cavities  by  adiabatic  tran¬ 
sition  sections  that  match  between  them  over  the  wide  mo¬ 
mentum  range  needed;  (iv)  Rings  with  a  number  of  super¬ 
periods  (about  10)  so  that  there  are  only  a  number  of  sc  RF 
sections.  In  all  four  scenarios  we  consider  the  travel  time 
of  the  muons  around  the  ring  which  depends  on  the  muon 
momentum  and,  hence,  produces  variable  phase  at  the  RF 
cavities  during  the  acceleration  process. 

INTRODUCTION 

Neutrino  factory  studies  [1,  2,  3],  based  on  accelerating 
and  storing  muons,  assumed  that  the  muons  are  accelerated 
in  a  linear  accelerator  up  to  a  few  GeV,  and  in  one  or  two 
recirculating  linear  accelerators  RLA  similar  to  CEBAF  to 
the  energy  of  the  storage  ring,  20  to  50  GeV.  In  an  RLA,  the 
muons  travel  through  two  linear  accelerators  several  times, 
and  through  half-circular  arcs,  one  for  each  recirculation,  at 
either  end.  Between  the  linear  accelerators  and  the  arcs  are 
spreaders,  which  distribute  the  muons  of  different  energy 
from  the  linear  accelerators  into  the  arcs,  and  combiners, 
which  do  the  opposite.  Spreaders  and  combiners  become 
rapidly  more  complicated  and  costly  when  the  number  of 
recirculations  increases.  It  is  4  or  5  in  [1, 2,  3]. 

Non-Scaling  FFAG  Rings 

In  FFAG  rings,  muons  are  accelerated  by  a  factor  «  3 
in  a  lattice  with  a  single  aperture.  There  are  no  spreaders 
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and  combiners.  Such  lattices  hold  the  promise  of  a  larger 
number  of  recirculations,  and  hence  of  reduced  cost.  We 
discuss  how  muons  are  accelerated  in  an  FFAG  ring,  and 
present  several  designs  of  non-scaling  FFAG  rings.  The 
phase  advances  and  fiy  in  a  cell  vary  approximately  in 
inverse  proportion  to  the  particle  momentum.  They  should 
remain  below  the  half-integral  resonance  at  the  lower  edge 
of  the  operating  range  in  5p/p.  The  tunes  and  Qy  in  the 
whole  ring  cover  many  integral  and  half-integral  values. 


FFAG  Acceleration 

Fig.  1  shows  trajectories  in  longitudinal  phase  space 
{ct,Pt  =  Ap/po)  for  the  lattice  in  Section  .  Nine  par¬ 
ticles  are  launched  at  regular  intervals  between  the  fixed 
points  at  ct  =  0  m  and  pt  =  0,  and  ct  =  -3.25/4  m 
and  pt  =  0.  Four  of  them  execute  synchrotron  oscilla¬ 
tions  in  buckets  around  the  stable  fixed  point.  Another 
four  particles  follow  wavy  open  trajectories  around  the  two 
stable  fixed  points.  Acceleration  happens  close  to  these 
trajectories,  which  cover  the  whole  operating  range  from 
Pt  w  -0.6  to  Pt  w  0.2.  The  green  particle  starts  very  close 
to  the  unstable  fixed  point  and  almost  returns  to  it.  Four 
particles  are  launched  below  the  unstable  fixed  point  at 
ct  =  -3.25/4  m  withpt  =  -0.1,  -0.2,  -0.3,  -0.4.  Their 
initial  transverse  coordinates  coincide  with  their  respective 
closed  orbit.  These  particles  execute  stable  synchrotron  os¬ 
cillations  in  buckets  around  a  second  stable  fixed  point  at 

—  —3.25/4  m  and  pt  »  —0.4.  This  stable  fixed  point  is 
related  to  the  variation  of  the  travel  time  At(pt)  of  second 
and  higher  order  [4]  in  pt  which  results  in  At{pt)  «  0  s  at 
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Pt  ~  -0.4.  Phase  space  trajectories  with  the  shape  shown 
in  Fig.  1  only  occur  when  V  the  maximum  energy  gain  per 
turn  of  a  muon  that  travels  on  the  crest  of  the  RF  wave, 
exceeds  the  threshold  in  Tab.  1.  To  get  the  peak  RF  volt¬ 
age  divide  by  the  transit  time  factor  <  1.  Our  typical  RF 
voltage  is  about  twice  the  threshold  value. 


second  zero  of  ct  is  at  pt  «  -0.55.  The  half-integral  stop- 
band  is  at  Pt  w  —0.52.  Hence,  the  modified  achromat  ac¬ 
celerates  frompt  «  -0.5  to  «  0.2  inside  buckets,  when  RF 
voltage  and  bucket  height  are  large  enough.  Changing  pa¬ 
rameters  should  move  the  stopband  below  the  second  zero, 
and  permit  acceleration  over  a  larger  momentum  range. 


SCENARIO  1:  S.C.  RF 

The  lattice  [5]  has  3  m  long  straight  sections,  long 
enough  to  house  a  single-cell  super-conducting  RF  cavity 
at  about  200  MHz,  including  the  distances  needed  to  pro¬ 
tect  it  from  stray  field  of  neighbouring  magnetic  elements. 
We  have  re-evaluated  the  parameters  shown  in  Tab.  1. 

SCENARIO  2:  N.C.  RF 

Two  lattice  styles  have  straight  sections  long  enough  for 
a  single-cell  room-temperature  RF  cavity  at «  200  MHz. 

Modified  FODO  Lattice 

The  modified  FODO  lattice  is  derived  from  [5]  by  halv¬ 
ing  the  length  of  the  lattice  cell.  Horizontal  focusing  hap¬ 
pens  in  the  quadmpole,  while  bending  and  vertical  focusing 
happen  in  a  combined-function  dipole  magnet.  The  1.4  m 
long  drift  space  is  still  long  enough  for  normal-conducting 
RF  cavities  operating  at  about  200  MHz.  Tab.  1  shows  pa¬ 
rameters,  Fig.  2  layout  and  optical  functions. 


Figure  2:  Layout  and  optical  functions  of  cell  aprlOg 


Modified  Achromat 

Achromats,  used  in  the  study  of  ELFE  [6]  and  the  RLA 
design  at  CERN,  consist  of  2  FODO  cells  for  focusing, 
and  have  dipoles  in  the  half  cells  surrounding  every  sec¬ 
ond  F  quadmpole.  The  horizontal  dispersion  vanishes 
in  every  second  F  quadmpole.  Our  modified  achromats  for 
FFAG  acceleration  have  the  opposite  quadmpole  polarities, 
and  Da:  >  0  everywhere.  The  half  cells  without  dipoles 
provide  space  for  normal-conducting  RF  cavities.  Fig.  3 
shows  layout  and  optical  functions.  Tab.  1  parameters.  The 


Figure  3:  Layout  and  optical  functions  of  period  aprl3a 


SCENARIO  3:  RACETRACK 

Racetrack  rings  consist  of  closely-packed  arcs  that  bend 
the  muon,  and  transport  it  from  one  straight  section,  with 
ample  space  for  accelerating  RF  cavities,  to  the  other.  Be¬ 
tween  arcs  and  straight  sections  are  adiabatic  transitions. 


Adiabatic  Transitions 


Adiabatic  transitions  match  the  orbit  functions  between 
the  arcs  and  straight  sections  over  the  whole  energy  range 
of  the  FFAG  ring.  This  is  achieved  by  smoothly  varying  the 
period  length  and  the  bending  angle  between  the  typical 
arc  and  straight  section  cells.  We  use  the  Fermi  function 
F{n,B,N)  =  [1  -h  exp{B(2n/N  —  l))]"^  with  number 
of  transition  periods  N,  running  index  n,  and  parameter 
B  w  2 ...  5  describing  the  smoothness.  The  factor  2  in 
F  ensures  that  the  transition  happens  near  n  =  N/2.  For 
B  >  1  but  not  B  »  1,  we  have  F{0,B,N)  <  1  and 
F{N,  B,  W)  >  0.  We  overcome  this  problem  by  using 


G{n,B,N) 


F{n,B,N)-F{N,B,N) 

F{0,B,N)-F{N,B,N) 


(1) 


with  G(0,B,1V)  =  1  and  G(lV,B,Ar)  =  0.  In  the  n- 
th  FODO  cell,  length  L„,  dispersion  D„,  and  bending  an¬ 
gle/period  (pn  =  PiDnjLn  become,  with  indices  1  and  2 
referring  to  arc  and  straight  section  cells: 


Ln  —  L2  + {Li  —  L2)G{n,B0,N)  (2) 

Dn  =  DiG{n,BD,N)  (3) 


Racetrack  Lattice 

We  study  adiabatic  transitions  in  a  lattice  that  consists  of 
drift  spaces  and  thin  elements.  The  FODO  arc  periods  have 
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Table  1.  Parameters  of  Johnstone-Koscielniak  [5]  lattice  api09r,  modified  Johnstone  lattice  aprlOg,  modified  achromats 
aprl3a  and  racetrack  lattice  apr29o.  The  phase  advances  are  about  0.1  in  apr09r,  aprlOg,  and  apr29o,  and  0.2  in  achi06. 


apr09r 

aprlOg 

aprl3a 

apr29o 

Total  reference  energy  E 

16.5 

16 

16.5 

16.5 

GeV 

Energy  range 

6.. .20 

6.. .20 

6.. .20 

6.. .20 

GeV 

Range  of  6p/p 

-.636... +.212 

-.625... +.250 

-.636... +.212 

-.636... +.212 

Range  of  hor.  offsets  in  F  quads  x 

-76...  79 

-45...  50 

-54...  46 

-137/144 

mm 

Period  length  Lp 

6.5 

3.25 

6.449 

5...  10 

m 

Number  of  periods  Np 

314 

280 

140 

264 

Circumference  C 

2041 

910 

902.8 

1610 

m 

Magnetic  gradients  GfIGd 

75/-32 

141/-71 

1.15/-1.15 

_ 

T/m 

Dipole  field  B 

3.1 

4.0 

1.53 

_ 

T 

Path  length  spread 

535 

410 

397 

1685 

mm 

RF  frequency 

184.5 

184.5 

185.9 

186.2 

MHz 

Threshold/typical  circumf.  RF  accel.  V 

1036/1884 

812/1680 

-/1680 

-/ 

MV 

Typical  number  of  turns 

10 

10 

11 

super-imposed  quadrupoles  and  dipoles,  and  Li  =  5  m, 
tpi  =  31.4  mr  and  phase  advance  fi/2n  =  0.1.  The  straight 
section  cells  have  L2  =  10  m  and  fi /2Tr  =  0.1.  An  arc 
surrounded  by  transitions  bends  the  muon  beam  by  about 
IT.  We  use  a  1 12.5  m  long  transition  with  iV  =  16  and  B  — 
3.  Four  such  transitions  are  in  a  racetrack  machine.  The 
number  of  cells  in  a  straight  section,  14,  will  be  adjusted 
later  to  optimize  number  and  voltage  of  the  RF  cavities. 

Without  acceleration,  the  residual  non-adiabaticity  cau¬ 
ses  oscillations  of  Dx,  0x  and  ffy,  and  stopbands.  In  the 
straight  sections  at  pt  =  0,  the  amplitude  of  the  os¬ 
cillations  increases  with  decreasing  N.  For  fixed  N,  it  has 
minima nearS  =  3.  At  AT  =  16  and  B  =  3,  |Bx|  <  0.1  m. 
The  /S-beating  is  less  than  7.5%  for  N  >  12.  Both  |I>a;  |  and 
|a;|  00,  and  momentum  compaction  Qc  ->  ±00  at  even 

horizontal  tunes  Px  and  Py  ^00  at  integral  Q^. 

The  racetrack  lattice  has  a  much  weaker  second-order 
variation  of  ct  than  those  in  Sections  and  .  Hence,  ct  ^  0 
for  —0.6  <  Pt  <  0,  the  muons  must  be  accelerated  inside 
buckets  with  stable  fixed  point  cf  =  0  and  pt  =  0,  and  not 
on  trajectories  similar  to  those  in  Fig.  1.  We  have  studied 
acceleration  over  a  large  range  of  RF  cavity  voltages.  We 
have  not  found  a  value  with  the  bucket  height  needed.  In 
addition,  the  synchrotron  motion  is  chaotic,  and  the  edges 
of  the  bucket  are  fuzzy.  On  might  either  attempt  to  increase 
the  second-order  variation  of  ct,  or  frequency  modulate  the 
RF  cavities  as  in  a  synchrotron. 

SCENARIO  4:  SUPER-PERIODS 

We  studied  a  lattice  with  10  superperiods,  each  consist¬ 
ing  of  10  arc  cells  and  9  straight  section  cells  from  Section , 
i.e.  without  transitions.  For  -0.6215  <  pt  <  -t-0.138, 
the  phase  advances  in  the  superperiod  cover  the  ranges 
5.911988  >  fix  >  1.522851  and  5.788112  >  fiy  > 
1.605385.  In  the  absence  of  acceleration,  we  find  wide 
stopbands  at  the  4  integral  and  the  4  half-integral  phase  ad¬ 
vances  within  these  ranges.  The  extreme  absolute  values  of 
dispersion  |I)a;|  and  orbit  offset  \x\  tend  towards  00  at  the 


edges  of  the  integral  stopbands,  while  Px  and  Py  reach  00 
at  the  edges  of  the  integral  and  half-integral  stopbands.  We 
have  not  succeeded  in  accelerating  muons  through  these 
stopbands.  We  have  not  studied  super-periodic  lattices  with 
adiabatic  transitions  between  arcs  and  straight  sections. 

CONCLUSIONS 

Two  styles  of  FODO  lattices,  suitable  for  super¬ 
conducting  and  room-temperature  RF  systems,  respec¬ 
tively,  accelerate  muons  outside  buckets  from  about  6  to 
about  20  GeV  in  about  10  turns  with  less  than  about  2  GeV 
circumferential  acceleration  V.  This  value  of  V  is  at  most 
one  half,  and  the  number  of  arcs  is  2/7,  of  those  in  an  RLA 
with  four  turns,  and  there  are  no  spreaders  and  combiners. 
The  circumferences  C  are  «  2  km  and  w  1  km,  respec¬ 
tively.  A  modified  achromat  accelerates  muon  inside  buck¬ 
ets  from  about  8.25  to  about  19.8  GeV  in  11  turns  with 
a  similar  circumferential  RF  voltage,  at  C  «  1  km,  and 
can  probably  be  improved  to  cover  the  whole  momentum 
range.  We  have  not  succeeded  in  accelerating  muons  in  a 
racetrack  machine  with  adiabatic  transitions  between  arcs 
and  straight  sections  and  a  super-conducting  RF  system. 
We  have  not  succeeded  in  accelerating  in  a  super-periodic 
machine.  We  have  presented  FFAG  rings  with  very  inter¬ 
esting  properties.  We  leave  their  optimization  for  the  fu¬ 
ture,  as  well  as  further  studies  of  scenarios  3  and  4. 
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TRANSVERSE  IMPEDANCE  DISTRIBUTION  MEASUREMENTS  USING 
THE  RESPONSE  MATRIX  FIT  METHOD  AT  APS* 

V.  Sajaev,  Argonne  National  Laboratory,  Argonne,  IL  60439  USA 

Abstract  advance  measurements  similar  to  LEP  provide  enough 


The  Advanced  Photon  Source  storage  ring  has  a 
number  of  narrow-gap  insertion  device  vacuum  chambers, 
and  there  is  a  plan  to  further  increase  their  number.  These 
vacuum  chambers  contribute  to  the  impedance  of  the 
machine  and  to  the  impedance  limits  the  single-bunch 
current  threshold.  In  order  to  understand  the  contribution 
of  the  vacuum  chambers  and  its  dependence  on  the  gap, 
the  distribution  of  the  vertical  transverse  impedance 
around  the  circumference  of  the  APS  storage  ring  has 
been  determined  using  the  response  matrix  fit  method. 
This  method  allows  us  to  find  focusing  errors  around  the 
storage  ring  and  was  originally  used  to  determine  and 
correct  the  linear  model  of  the  APS.  The  high  accuracy  of 
the  method  enables  us  to  measure  the  variation  of  betatron 
phase  advance  around  the  ring  with  beam  current.  Results 
of  these  measurements  are  reported  and  the  impedance  of 
different  parts  of  the  storage  ring  is  presented. 

INTRODUCTION 

The  Advanced  Photon  Source  (APS)  is  a  third- 
generation  synchrotron  light  source  based  on  a  7-GeV 
electron  storage  ring.  The  synchrotron  radiation  is  mainly 
produced  by  undulators.  Optimization  of  beamlines  calls 
for  small  undulator  gaps.  Therefore  the  undulators  are 
installed  on  dedicated  small  gap  insertion  device  (ID) 
vacuum  chambers.  APS  has  35  5-m-long  straight  sections 
available  for  undulators;  27  of  them  are  currently 
occupied.  Most  of  the  ID  vacuum  chambers  have  an  8- 
mm  inner  aperture,  and  two  chambers  have  a  5-mm 
aperture.  These  vacuum  chambers  are  believed  to  be  the 
main  source  of  the  transverse  impedance  of  the  machine. 

Our  goal  is  to  measure  the  vertical  transverse 
impedance  distribution  around  the  machine  and  determine 
the  contribution  of  the  ID  vacuum  chambers.  Although 
one  can  measure  the  combined  effects  of  all  chambers  by 
measuring  the  transverse  tune  shift  with  single-bunch 
current  [1],  it  is  difficult  to  accurately  measure  the  small 
change  in  this  tune  shift  after  only  one  or  a  few  new  ID 
chambers  are  installed. 

In  the  past  a  number  of  attempts  have  been  made  to 
measure  the  impedance  of  separate  parts  of  accelerators. 
Phase  advance  measurements  fi-om  beam  position  monitor 
(BPM)  tum-by-tum  histories  were  used  at  LEP  [2]  to 
measure  the  impedance  distribution  around  the  ring.  This 
method  was  tried  at  APS;  however,  the  accuracy  of  the 
measurements  was  not  sufficient  to  determine  the 
impedanee  of  a  single  ID  vacuum  chamber.  Recently,  the 
accuracy  of  tum-by-tum  BPM  measurements  at  APS  was 
greatly  improved  using  the  Model  Independent  Analysis 
(MIA)  [3].  It  was  demonstrated  that  with  MIA  the  phase 

♦  This  work  is  supported  by  U.S.  Department  of  Energy,  Office  of 
Basic  Energy  Sciences  under  Contract  No.  W-31-I09-ENG-38. 


accuracy  to  reveal  the  main  impedance  stmcture  of  the 
APS  ring.  However,  this  work  was  not  pursued.  There  is 
also  a  different  approach,  which  uses  local  orbit  bun^s  to 
probe  different  parts  of  an  accelerator  [4-6].  All  these 
methods  employ  the  fact  that  the  beam  sees  ftie 
impedance  as  a  defocusing  quadmpole  whose  streugfli 
depends  on  the  beam  current. 

At  APS  we  have  implemented  a  method  for  precise 
measurement  of  beta  fimctions  along  the  ring  [7].  The 
method  employs  an  orbit  response  matrix  fit  to  determine 
the  distribution  of  focusing  errors  around  the  machine  and 
then  uses  these  errors  to  calculate  beta  functions  (the 
details  on  the  response  matrix  fit  and  more  references  can 
be  found  in  [8]).  Since  the  impedance  can  be  represented 
as  a  current-dependent  quadmpole,  the  measurement  of 
the  beta  functions  with  different  currents  could  be  used  to 
determine  the  impedance  distribution  around  the  machine. 

We  report  on  a  sensitive  method  for  measuring  the 
transverse  impedance  distribution  along  the  machine  that 
uses  the  response  matrix  fit  method  to  calculate  local 
betatron  phase  advance  changes  due  to  different  beam 
currents. 

RESPONSE  MATRIX  FIT 

The  orbit  response  matrix  is  the  change  in  the  orbit  at 
the  BPMs  as  a  function  of  the  changes  in  steering 
magnets.  The  response  matrix  is  defined  by  the  linear 
lattice  of  the  machine;  therefore  it  can  be  used  to  calibrate 
the  linear  optics  in  a  storage  ring. 

The  main  idea  of  the  analysis  is  to  adjust  the  quadmpole 
gradients  of  a  computer  model  of  the  storage  ring  until  the 
model  response  matrix  best  fits  the  measured  response 
matrix.  The  problem  of  fitting  the  response  matrix  is 
solved  in  the  following  way.  Let  the  response  matrix  Mbe 
a  function  of  the  vector  of  variables  x.  Then  we  need  to 
solve  the  equation 

^measured  ~  ^ model  (^)  “  9 

which  can  be  solved  by  Newton’s  method: 

-  -W measured -MmodeliH)], 

where  Xo  corresponds  to  the  initial  model.  To  solve  this 
equation,  we  rewrite  the  response  matrix  as  one  vector 
consisting  of  iV<,o„.x74p„  values,  where  Ncorr  is  the  number 
of  correctors  used  in  the  response  matrix  and  Ni,p„  is  the 
number  of  BPMs.  Then  the  derivative  of  the  response 
matrix  would  be  a  (N^orr'x-NbpJxNyar  matrix,  where  is 
the  number  of  variables  upon  which  the  response  matrix 
depends.  Finally,  to  fit  the  response  matrix,  we  have  to 
determine  all  variables  upon  which  the  response  matrix 
depends,  calculate  the  derivative  of  the  response  matrix 
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with  respect  to  these  variables,  and  then  invert  it.  After 
that,  the  solution  can  be  found  by  iteration. 

The  most  obvious  and  important  variables  are  focusing 
errors  (quadrupole  calibration  errors  or  orbit  errors  in 
sextupoles),  corrector  calibration  errors,  and  BPM  gain 
errors.  Another  obvious  but  less  important  variable  is  the 
energy  shift  associated  with  the  changing  of  each  steering 
magnet.  The  choice  of  what  variables  to  use  depends  on 
details  of  the  particular  storage  ring  and  how  accurately 
the  response  matrix  can  be  measured. 

The  APS  storage  ring  is  40-fold  periodic.  Each  sector 
consists  of  two  dipoles,  ten  quadrupoles,  and  seven 
sextupoles.  There  are  also  eight  horizontal  and  eight 
vertical  steering  magnets  and  nine  to  eleven  BPMs  per 
sector.  Possible  focusing  errors  could  come  from 
miscalibration  of  quadrupole  power  supplies  (each 
quadrupole  at  APS  has  its  own  power  supply)  and  from 
horizontal  orbit  errors  in  sextupoles,  so  that  the  total 
possible  number  of  focusing  errors  per  sector  could  be  up 
to  17.  Obviously,  there  are  not  enough  BPMs  to  resolve 
all  possible  focusing  errors;  therefore  we  keep  only 
quadrupoles  in  our  model.  Since  the  average  betatron 
phase  advance  per  quadrupole  is  only  0.09,  we  consider 
that  the  quadrupoles  alone  could  accurately  reproduce  all 
possible  focusing  errors  in  the  storage  ring. 

In  order  to  limit  the  size  of  the  derivative  of  the 
response  matrix,  we  use  only  40  horizontal  and  40  vertical 
correctors  and  all  available  BPMs.  In  this  case  the  two- 
dimensional  uncoupled  response  matrix  contains  about 
32,000  elements  and  depends  on  approximately  1400 
variables.  The  overall  size  of  the  derivative  in  double 
precision  is  about  350  MB. 

MEASUREMENTS 

The  APS  storage  ring  vacuum  chambers  are  made  of 
aluminum  and  have  an  elliptic  85x42  mm  size.  When  an 
undulator  is  installed  in  a  sector,  a  5-m-long  section  of  the 
vacuum  chamber  is  replaced  with  a  narrow-gap  ID 
chamber  (total  length  of  one  sector  is  27.6  m).  Most  of  the 
APS  insertion  devices  have  8-mm-gap  vacuum  chambers; 
two  IDs  in  sectors  3  and  4  have  5-mm-gap  vacuum 
chambers.  Normal  and  ID  vacuum  chambers  are 
connected  with  20-cm-long  tapers.  Figure  1  represents 
locations  of  the  small-gap  vacuum  chambers  installed  at 
the  APS  storage  ring  at  this  moment.  We  expect  the 
vertical  impedance  to  be  dominated  by  these  small-gap  ID 
vacuimi  chambers. 
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Figure  1 :  ID  vacuum  chamber  gaps. 


In  order  to  obtain  the  change  in  focusing  around  the 
ring  with  the  beam  intensity,  we  measure  the  response 
matrices  for  different  beam  currents,  analyze  them  to  get 
beta  functions,  and  then  compare  the  local  phase 
advances.  Figure  2  shows  the  phase  advance  difference 
between  the  two  response  matrices  measured  with  10  mA 
and  1  mA  in  a  single  bunch.  One  can  easily  see  a  sharp 
change  in  phase  caused  by  5-mm  chambers  in  sectors  3 
and  4  and  flat  regions  corresponding  to  no  ID  chambers  in 
sectors  24  to  30  and  36  to  40.  Fast  oscillation  of  the  phase 
advance  difference  is  explained  by  beta  function 
mismatch,  caused  by  changes  in  focusing.  Figure  2 
confirms  our  expectations  that  the  main  contribution 
comes  from  ID  vacuum  chambers. 
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Figure  2:  Betatron  phase  advance  difference  between  10- 
mA  and  1-mA  cases. 


This  measurement  also  yields  the  tune  slope  with 
current,  which  can  be  used  to  calculate  the  total  transverse 
impedance.  Figure  3  (left)  shows  vertical  betatron  tune 
dependence  on  the  beam  current  defined  by  the  following 
formula: 


£1= _ ti _ y/a)  7<')  • 

The  measurements  are  so  accurate  that  one  can  see  a 
deviation  from  linear  dependence  due  to  bunch  length 
variation  with  the  current.  To  keep  the  bunch  length 
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Figure  3:  Left  -  vertical  tune  slope  with  current.  Right  - 
vertical  phase  advance  slopes  with  current  for  different 
sectors. 

In  order  to  get  the  local  distribution  of  the  impedance 
around  the  ring,  we  analyze  the  phase-advance  changes 
due  to  a  change  in  the  beam  current  sector  by  sector. 
Figure  3  (right)  shows  typical  betatron  phase-advance 
slopes  for  sectors  4,  5,  and  29  (5-mm-,  8-mm-  and  42- 
mm-gap  ID  vacuum  chambers,  respectively). 

The  APS  storage  ring  operates  in  two  different  modes: 
7.7-nm  high-emittance  lattice  and  2.4-nm  low-emittance 
lattice.  The  vertical  beta  functions  of  the  two  lattices  are 
almost  equal  in  the  locations  of  the  ID  vacuum  chambers, 
but  have  different  average  vertical  beta  functions.  Phase 
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slope  distribution  measurements  were  conducted  for  both 
low-emittance  and  high-emittance  lattices.  Though  the 
transverse  impedance  does  not  change  with  the  lattice,  the 
defocusing  effect  of  the  impedance  depends  on  beta 
functions;  therefore  the  phase-advance  slope  is  expected 
to  be  similar  for  sectors  with  small-gap  vacuum  chambers. 
Figure  4  presents  the  distribution  of  phase  slope  with 
current  along  the  APS  storage  ring  for  two  lattices.  As 
expected,  the  biggest  phase  advance  change  occurs  in 
sectors  3  and  4,  where  5-nim  vacuum  chambers  are 
installed.  Also,  all  sectors  without  small-gap  chambers  are 
clearly  seen.  It  is  important  to  note  that  the  phase-advance 
changes  for  sectors  24  through  30  are  larger  for  the  low- 
emittance  lattice.  This  is  explained  by  the  fact  that  for 
these  sectors  the  impedance  is  approximately  evenly 
distributed  along  the  sector,  and  the  scaling  is  due  to 
average  vertical  beta  function  difference.  Thus  the 
measurements  are  reliable  even  for  sectors  without  the 
small-gap  ID  vacuum  chambers. 


Phase  Slope  Distribution 
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Figure  4:  Phase  advance  slopes  distribution. 


The  effective  transverse  impedance  is  the  integral  over 
the  machine  impedance,  multiplied  by  the  bunch  spectrum 
squared.  For  a  particular  impedance  component,  it  can  be 
found  from  measured  slopes  of  the  phase  advance 

/  _  fo-j  dn 
RPi  dl 

The  beta  functions  have  to  be  taken  at  the  location  of 
the  impedance  elements.  For  the  ID  vacuum  chamber  we 
use  the  average  over  the  5-m-long  ID  straight  section, 
otherwise  we  use  the  beta  function  averaged  over  the 
entire  sector.  The  bunch  length  is  40  ps  and  is  maintained 
approximately  constant  during  measurements  by  varying 
the  rf  voltage.  The  resulting  values  for  the  various  sectors 
as  well  as  the  total  effective  vertical  impedances  are 
shown  in  Table  1  for  both  high-  and  low-emittance 
lattices.  The  phase-advance  slopes  and  impedances  shown 
in  the  table  are  averaged  over  all  similar  sectors,  i.e.,  all 
empty  sectors,  all  sectors  with  8-mm  ID  vacuum 
chambers,  etc.  For  calculation  of  the  impedance  of  the  ID 

vacuum  chambers  and  the  average  phase 

slope  of  the  empty  sector  was  subtracted.  These  results 
compare  well  with  the  impedance  model  and  with  the 
measurements  in  [5]. 


Table  1 :  Phase  Slopes  and  Impedances 
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Emittance 

Low 

Emittance 

{0}.'ip.ctor 
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12.2 

16.3 

(P)lD 
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4.7 

3.7 

duJdI„„,n 

rad/A 

-0.09 

-0.14 

d^dlg^^ 

rad/A 

-0.39 

-0.40 

dfjJdIs„,m 

rad/A 

-1.33 

-1.21 

yejf 

^mlD 

kn/m 

3.5 

4.1 

yeff 

^%mm 

kfVm 

31 

34 

^Smm 

kfi/m 

126 

138 

yejf 

^total 

MQ/m 

1.06 

1.17 

CONCLUSION 

Analysis  of  the  measured  orbit  response  matrix 
provides  detailed  information  concerning  storage  ring 
optics.  The  optics  measurements  are  so  precise  iat  one 
can  see  the  phase-advance  difference  due  to  Hifferpnt 
beam  currents.  This  was  used  to  derive  the  distribution  of 
the  vertical  impedance  around  the  APS  storage  ring.  It 
was  found  that  the  small-gap  ID  vacuum  chambers 
contribute  the  most  to  the  storage  ring  vertical  impedance. 
The  actual  values  of  the  vertical  impedance  of  the 
chambers  with  different  gaps  were  determined. 
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Abstract 

One  of  the  21“  century  scientific  frontiers  is  to  explore 
the  molecule  structure  transition  in  the  femto-second  time 
scale.  X-ray  free  electron  laser  (XFEL)  is  one  of  the  tools 
now  under  development  for  investigating  femto-second 
stmcture  transition.  We  are  proposing  an  alternative 
technique  -  femto-second  electron  diffraction  based  on 
the  photocathode  RF  gun.  We  will  present  a  design  of  a 
kHz  femto-seconds  electron  diffraction  system  based  on 
the  photocathode  RF  gun.  Our  simulation  shows  that, 
photocathode  RF  gun  can  produce  100  fs  (FWHM) 
electron  bunch  with  millions  electrons  at  about  2  MeV. 
This  is  at  least  one  order  of  magnitude  reduction  in  bunch 
length,  and  two  orders  of  magnitude  increase  in  number 
of  electrons  comparing  to  present  DC  electron  diffraction 
system.  We  will  also  discuss  various  issues  and 
limitations  related  to  MeV  electron  diffraction. 

INTRODUCTION 

X-ray  and  electron  are  two  most  powerful  tools  for 
characterizing  atomic  and  molecular  structures.  The 
recent  development  of  electron  storage  ring  based  X-ray 
source  and  electron  microscope  made  it  possible  to 
observe  the  ultra-small  world  with  A  resolution  [1,2].  On 
the  other  hand,  development  of  the  laser  technologies, 
especially  picosecond  (lO  '^  s)  and  femtosecond  (lO"'*) 
lasers,  made  it  possible  of  observing  the  ultra-fast  process 
[3]. 

Directly  observation  of  structure  transition  and 
molecular  dynamics  process,  such  as  chemical  bond 
breaking,  is  one  of  the  fundamental  issues  in  nano¬ 
science,  chemistry,  biology  and  many  other  scientific 
endeavours.  Such  capability  demands  the  marriage  of 
ultra-small  technologies,  such  as  X-ray  and  electron 
diffraction,  and  ultra-fast  technolgies.  X-ray  free  electron 
laser  (FEL)  now  being  developed  in  US  and  Germany 
[4,5]  is  one  of  the  examples  of  such  marriage.  Ultra-fast 
electron  diffraction  (UED)  [3,  6]  has  been  developed  to 
investigate  the  ultra-fast  structure  transition. 

X-ray  and  Electron  diffraction  are  two  complementary 
technologies.  For  example.  X-ray  diffraction  is  better  suit 
for  large  angle  diffraction;  while  electron  diffraction  is  the 
choice  for  small  angle  diffraction.  The  Thompson 
scattering  cross  section  is  dominating  contributing  factor 
for  X-ray  diffraction  while  it  is  the  Rutherford  scattering 
cross  section  for  electron  diffraction.  The  difference 
between  x-ray  and  electron  scattering  arises  from  the 
scattering  operator  i;  [7] 
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X-ray  diffraction; 

_  i 

Electron  diffraction:  =  ^ 

J  i 

The  sums  in  these  formulas  stretch  over  all  particles  of 
a  molecule.  Where  s  is  the  magnitude  of  the  momentum 
transfer  vector,  Zj  is  the  nuclear  charge  of  atom  j,  and  the 
distances  Rj  and  r,  are  over  the  nuclei  j  and  electrons  i, 
respectively.  It  can  be  seen  that  the  x-ray  diffraction 
signal  is  the  Fourier  transform  of  the  electron  density 
distribution  within  a  molecule.  The  electron  diffraction 
signal  is  the  Fourier  transform  of  nuclear  and  electronic 
charge  distributions.  For  gas  molecule  and  charge  density 
distribution  characterization,  electron  diffraction  is  widely 
used  because  of  large  interaction  cross  section.  Electron 
diffraction  is  also  relative  compact  and  less  harmful  to 
bio-molecules. 

Using  a  streak  camera  tube,  100  ps  time  resolution  was 
realized  in  the  initial  UED  setup  [6]  (Fig.l).  A  single 
laser  is  used  for  both  electron  beam  generation  and  pump 
the  sample  under  investigation.  Most  advances  in  UED 
are  due  to  the  progress  of  the  laser  technologies  in  the  last 
twenty  years.  The  state  of  art  UED  has  time  resolution  on 
the  order  of  several  ps  with  10''  electrons  [8].  Since 
molecular  structure  transition  and  chemical  bond  breaking 
take  place  on  the  time  scale  of  100  fs  or  less  [3], 
femtosecond  electron  diffraction  is  desired  for 
femtochemistry  and  other  ultra-fast  studies.  We  propose 
to  develop  a  femtosecond  electron  diffraction  facility 
using  photocathode  RF  gun  technology  [9], 


PNotpher 


Figure  1:  Schematic  of  UED  setup  from  ref.  [6]. 


The  birth  of  photocathode  RF  gun  can  be  traced  to 
UED,  it  is  a  marriage  of  laser  and  high  power  RF 
technologies.  Laser  is  used  to  generate  electron  beam,  and 
control  both  the  temporal  and  spatial  distribution  of 
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electron  beam.  The  photoelectron  generated  by  the  laser  is 
rapidly  accelerated  to  high  energy.  The  higher  electron 
beam  energy,  and  flexibility  of  electron  beam  control 
made  it  possible  to  generate  100  fs  electron  in  the 
photocathode  RF  gun.  In  the  following  section,  a  brief 
discussion  on  the  time  resolution  of  electron  diffraction  is 
presented.  Then  we  will  present  the  femtosecond  electron 
beam  generation  using  photocathode  RF  gun,  and 
concluded  with  the  discussion  on  the  possible  issues  of 
femtosecond  electron  diffraction  using  photocathode  RF 
gun. 


CHALLENGES  IN  FEMTOSECONDS 
ELECTRON  DIFFRACTION 

For  a  typical  electron  diffraction  based  pump-probe 
experiment  depicted  in  figure  1,  the  total  time  resolution 
can  be  expressed  as  following  [10], 

=  ^P-Ja  +  ^PvM  +  l^'^eb  +  jit  (i) 


where  is  Ati^  is  the  laser  pulse  length,  which  is  limited  to 
4.5  fs.  AtvM  is  so  called  velocity  mismatch  between  the 
laser  and  electron  beam  in  the  interaction  region.  It 
depends  on  the  geometry  of  the  interaction  and  dimension 
of  the  sample  or  molecule  beam.  It  can  be  reduce  with 
higher  energy  electron  beam  or  geometric  optimization. 
For  the  laser  and  electron  beam  parallel  configuration  and 
molecule  beam  size  on  the  order  of  a  couple  hundred 
microns,  AtvM  will  be  less  than  100  fs  if  electron  beam 
energy  more  than  one  MeV.  Atji,  is  the  jitter  between  the 
pump  laser  and  electron  beam.  For  DC  gun  based  electron 
diffraction  system,  it  is  negligible.  To  break  the 
picosecond  time  barrier  and  reach  100  fs  time  resolution, 
femtosecond  electron  beam  is  the  key. 

Femtosecond  electron  beam  generation  for  electron 
diffraction  was  studied  extensively  recently  [11-12]  for 
electron  beam  energy  around  50  keV.  The  large  energy 
spread  and  bunch  lengthening  due  to  space  charge  effect 
prevents  it  from  reaching  below  ps.  Space  charge  effects 
play  a  fundamental  role  in  generation  and  preservation  of 
femtosecond  electron  beam.  To  generate  and  preserve 
femtoseconds  electron  beam,  longitudinal  space  charge 
effect  must  be  carefully  considered  since  it  is  much  more 
sensitive  to  the  beam  energy  than  transverse  space  charge 
effect  (fifth  power  vs  third  power).  The  bunch 
lengthening  due  to  space  charge  effect  can  be  estimated  in 
a  drift  space  by  [13]: 


t^t 


2QcL  ^ 

i^Rir" 


(2) 


where  Q  is  the  charge  in  the  bunch,  c  is  the  speed  of  the 
light,  L  is  the  drift  distance,  la  =17  kA,  R  is  the  bunch 

radius,  ^  is  the  bunch  length  and  y  is  the  beam  energy. 
The  strong  dependency  of  the  bunch  lengthening  on  the 
energy  is  the  major  barrier  to  produce  and  preserve 
femtosecond  electron  beam.  As  beam  energy  increases,  it 
becomes  more  rigid  and  difficult  to  control  (focusing) 
longitudinally.  Balancing  between  space  charge  effects 


and  bunching  (focusing)  demands  that,  bunching  should 
be  accompanied  by  the  acceleration  simultaneously. 
Photocathode  RF  gun  is  the  technology  capable  of 
producing  femtosecond  electron  beam  with  reasonable 
number  of  electrons  [14], 

FEMTOSECONDS  ELECTRON  BEAM 
GENERATION  BY  RF  GUN 

Higher  electric  field  and  beam  energy  from  RF  gun  will 
lead  to  significant  reduction  in  space  charge  effect. 
Another  important  advantage  of  using  photocathode  RF 
gun  to  produce  femtoseconds  electron  beam  is  its 
capability  of  compressing  the  electron  beam  as  it  is  being 
accelerated  in  the  time  dependent  RF  field  [14],  This 
allows  us  to  use  longer  laser  pulse  and  reduce  space 
charge  effect  fiirther  near  the  cathode  region.  Figure  2 
shows  photo-electron  beam  energy  as  function  of  the  RF 
gun  phase  and  field  gradient  on  the  cathode.  By  choosing 
proper  field  gradient  and  RF  gun  phase,  the  electron  beam 
energy  spread  can  be  minimized.  The  photocathode  RF 
gun  considered  here  is  1.6  cell  BNL  S-band  RF  gun.  The 
electron  bunch  length  at  both  the  RF  gun  exit  and  the 
target  station  (1  m  down  stream)  is  plotted  as  RF  gun 
phase  in  figure  3  for  the  field  gradient  50  MV/m.  The 
number  of  electrons  for  this  simulation  is  about  10*,  and 
laser  pulse  length  is  about  500  fs.  If  the  number  of 
electron  is  reduce  to  10*,  simulation  shows  that,  electron 
bunch  length  at  the  target  station  will  be  less  than  100  fs. 
Table  1  summarize  the  expected  performance  of  the 
photocathode  RF  gun  at  the  field  gradient  50  MV/m.  For 
the  purpose  of  comparison,  typical  DC  gun  is  also  listed 
there. 


RF  gun  phase  (deg.) 

Figure  2:  photo-electron  beam  energy  vs.  RF  gun  phase 
for  three  field  gradients. 

Several  new  issues  arise  from  using  photocathode  RF 
gun,  energy  spread  and  timing  jitter  between  the  RF  field 
and  laser  are  two  prominent  examples.  As  we  pointed  out 
earlier,  by  proper  selecting  the  field  gradient  (50  MV/m) 
and  RF  gun  phase,  energy  spread  as  low  as  0.01%  can 
realized,  which  is  comparable  to  DC  gun. 

Our  studies  show  timing  jitter  can  be  easily  controlled  to 
below  100  fs  even  with  couple  hundreds  fs  jitter  between 
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the  laser  and  RF  systems  [15],  For  pump-probe 
experiment,  one  laser  system  will  be  used  for  both 
pumping  the  sample  and  generating  electron  beam,  so  the 
jitter  is  the  arrive  time  between  the  laser  and  electron 
beam.  This  jitter  is  dominated  by  the  electron  beam 
energy  jitter  because  of  the  flatness  of  energy  beam 
energy  as  function  of  the  RF  gun  phase  [15]. 

The  success  of  femtoseconds  electron  diffraction 
depends  on  the  electron  beam  quality.  We  propose  to 
perform  a  proof  of  principle  experiment  at  the  BNL  DUV- 
FEL  facility  to  answer  one  of  the  key  questions,  that  is, 
whether  electron  diffraction  is  measurable  with  MeV 
electron  beam  produced  by  the  photocathode  RF  gun.  We 
propose  initial  diffraction  experiment  will  performed 
using  thin  metal  film,  such  as  Al.  This  can  also  be  used 
to  optimize  electron  beam  for  diffraction  in  the  later 
stage.  We  will  consider  using  gas  sample,  such  as  CC14  or 
CF3I,  or  single  crystal. 


Figure  3:  photo-electron  beam  bunch  length  vs.  RF  gun 
phase  at  gun  exit  and  target  station. 
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Table  1 :  Summary  of  femtoseconds  electron  beam 
properties  for  RF  and  DC  guns. 


RF  gun 

DC  Gun 

Field  on  the  cathode 
(MV/m) 

50-100 

10 

Beam  energy  (MeV) 

1.5-4 

0.03 

No.  of  electrons 

10^-10® 

10^ 

Bunch  length  (FWHM, 
fs) 

100  -  200 

4000 

Energy  spread  (%) 

0.01-0.005 

0.01 
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H.  Smith,  M.  Stanek,  SLAC,  Stanford,  CA  94025,  USA 


Abstract 

First  results  and  beam  measurements  are  presented  for 
the  recently  installed  linac  bunch  compressor  chicane.  The 
new  bunch  compressor  produces  ultra-short  electron 
bunches  for  the  Sub-Picosecond  Photon  Source  (SPPS) 
and  for  test  beams  such  as  the  El  64  Plasma  Wakefield 
experiment.  This  paper  will  give  an  overview  of  the  first 
experiences  with  tuning  and  optimizing  the  compressor 
together  with  a  description  of  the  beam  diagnostics  and 
beam  measurements.  These  measurements  form  the  basis 
for  further  detailed  study  of  emittance  growth  effects  such 
as  CSR  and  Wakefields  in  a  previously  unmeasured 
regime  of  ultra-short  bunch  lengths. 

INTRODUCTION 

The  SPPS  project  was  conceived  [1]  to  create  extremely 
short  bunches  in  the  SLAC  linac  using  a  four-dipole 
bunch  compressor  chicane  [2]  located  at  the  point 
along  the  linac.  The  chicane  was  installed  in  the  linac  in 
the  summer  of  2002  and  beam  commissioning  began  in 
November  2002.  The  short  bunches  are  to  be  used  in  a 
number  of  experiments  in  the  Final  Focus  Test  Beam  line 
(FFTB),  and  in  addition  provide  a  rich  opportunity  for 
machine  studies  in  this  new  regime  of  accelerator  physics 
[3].  The  first  experiments  to  utilize  the  high  energy- 
density  beam  inelude  the  El  64  Plasma  Wakefield 
Experiment  [4]  in  which  the  strength  of  the  beam-plasma 
interaction  is  expected  to  scale  approximately  with  the 
inverse  of  the  bunch  length  squared.  A  2.5  m  long 
undulator  has  also  been  installed  in  the  FFTB  to  generate 
short-pulse  X-rays  for  SPPS  experiments. 

The  short  bunches  are  produced  in  the  linac  in  a  three 
stage  bunch  compression  process  beginning  with  electron 
beams  extracted  from  the  North  Damping  Ring  (NDR), 


shown  in  figure  1.  The  3  nC,  6  mm  long  bunch  from  the 
NDR  is  compressed  to  1.16  mm  in  the  Ring  To  Linac 
(RTL)  beamline  compressor.  The  Wakefields  in  the  linac 
combined  with  accelerating  the  beam  off-crest  by  -19.5° 
give  the  beam  an  energy  ehirp,  or  correlated  energy 
spread  of  oyEo  =  1.6%  rms  at  the  £0=  9  GeV  entrance  to 
the  chicane  in  sector  10  of  the  linac.  The  momentum 
compaction,  =  -76  mm,  of  the  14.3  m  long  chicane, 
made  up  of  four  1.8  m  long,  1.6  T  dipole  magnets,  rotates 
the  bunch  in  longitudinal  phase  space  to  give  a  final 
bunch  length  of  50  piri  rms. 

The  short  bunch  generates  strong  Wakefields  in  the 
linac  downstream  of  the  chicane  which  create  a  further 
correlated  energy  spread  of  cr^o  =  1.5%  rms  in  the  Eo  = 
28.5  GeV  beam  at  the  end  of  the  linac.  The  transport 
optics  of  the  FFTB  will  be  tuned  for  a  momentum 
compaction,  =  2  mm,  for  the  forthcoming  SPPS 
experiments  to  give  a  final  compressed  bunch  length  of  12 
}im  rms,  resulting  in  a  peak  current  of  30  kA.  In  this  paper 
we  focus  on  the  operation  of  the  new  linac  bunch 
compressor. 

MODE  OF  OPERATION 

Successful  production  of  short  bunches  for  multiple 
experimental  programs  necessitates  sharing  the  beam 
pulses  in  the  linac  with  PEP  II  operation.  The  linac  is 
operated  at  30  Hz  to  provide  9  GeV  electrons  and  3  GeV 
positrons,  via  the  damping  rings,  for  PEP  II  injection.  A 
third  electron  bunch  is  accelerated  to  23.5  GeV  to  produce 
positrons  from  a  target  located  in  sector  19  of  the  linac.  A 
fourth  bunch  of  electrons  is  available  as  a  test  beam  and 
can  be  transported  to  the  end  of  the  linac  to  the  FFTB  line 
at  10  Hz,  dropping  down  to  1  Hz  during  PEP  II  fills.  The 
bulk  of  the  klystrons  in  the  final  1/3"*  of  the  linac  are  not 
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powered,  except  for  a  few  tubes  to  provide  energy  control 
in  a  feedback  system,  so  the  28.5  GeV  test  beam  coasts 
through  most  of  this  section  of  the  linac. 

Only  the  test  beam  and  the  “scavenger”  beam  for 
positron  production  are  transported  through  the  sector  10 
chicane.  The  two  beam  pulses  can  be  individually 
controlled  for  bunch  compression  by  pulsed  control  of 
both  the  RTL  compressor  RF  amplitude  and  the  RF  phase 
at  which  the  bunch  is  launched  into  the  linac  from  the 
NDR.  The  linac  can  be  set  up  to  leave  the  scavenger  beam 
uncompressed  while  the  test  beam  is  tuned  to  give  the 
desired  bunch  length  for  experiments  in  the  FFTB.  The 
chicane  does  introduce  a  fixed  path  length  difference 
relative  to  the  straight  ahead  beams  which  requires  a 
compensating  change  of  130°  S-band  in  the  downstream 
klystron  phases  and  positron  arrival  time  in  the  South 
Damping  Ring  (SDR). 

The  chicane  magnets  are  powered  by  a  100  kW  dc 
supply,  which  remains  on  for  both  the  PEP  II  and  Test 
Beam  programs.  An  automated  procedure  was  created  for 
switching  the  linac  state  in  the  event  that  the  chicane  is 
turned  off  for  straight  ahead  beam  operation. 

Although  the  chicane  has  a  generous  energy  acceptance 
of  AE/Eq  =  ±17%,  there  is  a  Machine  Protection  System 
(MPS)  to  prevent  pulses  with  large  energy  errors  from 
damaging  the  vacuum  chamber.  The  MPS  comprises 
beam  loss  monitors  and  toroid  beam  current  comparators 
at  the  chicane  entrance  and  exit  which  lower  the  repetition 
rate  of  the  scavenger  and  test  beams  until  the  fault  is 
cleared. 

BEAM  TUNING 

The  minimum  bunch  length  has  been  optimized  for  a 
charge  of  2.1x10'°  electrons  per  bunch,  such  that  the 
Wakefield  contribution  to  the  energy  chirp  produces  the 
most  linearly  correlated  energy  spread  in  the  bunch.  The 
desired  magnitude  of  the  correlated  energy  spread  is 
produced  by  accelerating  the  beam  -19.5°  from  crest  in 
sectors  2  through  6  in  the  linac.  Sectors  7  and  8  are  not 
powered  during  PEP  II  operation  and  the  energy  at  the 
chicane  is  kept  constant  with  a  sector  9  energy  feedback 
loop  to  hold  the  beam  in  the  middle  of  the  magnet 
aperture.  A  BPM  placed  at  the  peak  dispersion  location  in 
the  chicane  where  t;,  =  45  cm  allows  the  energy  to  be 
measured  with  a  relative  accuracy  of  0.01%  and  is  utilized 
in  the  energy  feedback  loop.  The  feedback  loop  [5] 
controls  the  phase  of  a  pair  of  orthogonally  phased 
klystrons  to  correct  the  energy  without  altering  the 
average  beam  phase. 

The  beam  energy  measured  by  the  feedback  loop  is  a 
convenient  way  to  calibrate  the  relative  phase  of  the 
klystrons  with  respect  to  the  RF  crest,  allowing  the  beam 
phase  to  be  accurately  set  at  the  desired  value  of  -19.5°. 

A  retractable  profile  monitor  installed  adjacent  to  the 
high-dispersion  BPM  in  the  chicane  allows  the  energy 
spread  of  the  beam  to  be  measured  by  digitizing  the  video 
image  of  the  beam  on  the  screen  and  measuring  the  width 


of  the  spot.  The  energy  spread  at  the  end  of  the  linac  is 
measured  on  a  profile  monitor  in  the  FFTB  beam  dump. 

Two  techniques  are  used  for  the  tuning  of  the  bunch 
length.  One  is  a  fast,  relative  measurement  of  bunch 
length  changes  for  tuning  purposes  and  the  second  uses  a 
semi-invasive  technique  for  an  absolute  determination  of 
the  bunch  length. 

Wake  loss  scans  of  bunch  length 

At  the  very  short  bunch  lengths  produced  by  the 
chicane  the  longitudinal  wakes,  or  beam  loading,  over  the 
remaining  length  of  the  linac,  cause  a  significant  energy 
loss  that  can  be  easily  resolved  at  the  energy  dispersive 
locations  at  the  end  of  the  linac.  The  longitudinal  wakes  in 
the  S-band  accelerating  structure  have  been  extensively 
modeled  and  these  measurements  have  provided  a  unique 
opportunity  to  validate  the  theory  at  such  short  bunch 
lengths  [6]. 

The  bunch  length  can  be  varied  by  scanning  the  phase 
of  the  klystrons  upstream  of  the  chicane  (sectors  2-6). 
The  energy  feedback  using  the  chicane  BPM  keeps  the 
energy  constant  at  the  chicane  during  the  phase  scan  so 
that  any  change  in  energy  measured  at  the  end  of  the  linar 
will  only  be  due  to  influences  downstream  of  the  chicane. 
The  energy  feedback  at  the  end  of  the  linac  provides  a 
convenient  tool  for  measuring  the  energy  change  at  a 
dispersive  BPM.  Figure  2  illustrates  the  measured  energy 
change  as  a  function  of  linac  phase,  showing  a  distinct 
minimum  at  a  phase  where  the  bunch  length  is  minimized. 

The  exact  phase  at  which  the  minimum  occurs  is 
dependant  on  the  RTL  compressor  RF  amplitude  and  on 
the  bunch  charge.  The  wake  loss  scan  can  also  be  used  to 
find  the  optimum  RTL  compressor  amplitude  for  a  given 
setting  of  the  linac  phase.  For  a  given  compressor 
amplitude  the  predicted  energy  loss  versus  linac  phase  is 
compared  to  the  measured  energy  loss  in  figure  2. 


Figure  2:  Energy  measurement  (points)  and  theory 
(solid)  at  end-of-linac  shows  maximum  loss  at  the  RF 
phase  corresponding  to  minimum  bunch  length. 
Simulated  rms  bunch  length  (dashed)  is  also  shown  on 
right  scale. 


424 


P*roceedings  of  the  2003  Particle  Accelerator  Conference 


streaked  image  on  profile  monitor 
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Figure  3:  Profile  of  the  beam  streaked  by  the  RF 

deflecting  cavity. 

RF  transverse  deflecting  cavity  measurement 

The  bunch  length  is  measured  with  a  2.4  m  long  S-band 
RF  transverse  deflecting  cavity  [7]  located  near  the  end  of 
the  linac  in  sector  29.  A  deflection  amplitude  of  22  MV  is 
achieved  with  an  input  power  of  25  MW  to  the  structure, 
which  vertically  streaks  the  beam  across  a  profile  monitor, 
shown  in  figure  3.  The  maximum  resolving  power  of 
around  20  pm  is  obtained  with  the  bunch  at  the  zero- 
phase  crossing  of  the  RF,  when  there  is  no  net  deflection. 
The  absolute  calibration  of  the  spot  size  on  the  screen  to 
units  of  bunch  length  is  obtained  by  offsetting  the  phase 
of  the  cavity  and  measuring  the  deflection  of  the  beam 
centroid  on  the  screen  in  pixels  per  degree  S-band. 

The  bunch  length  is  deduced  from  measuring  the  beam 
size  at  the  screen  for  both  settings  of  the  zero-phase 
crossing  and  a  third  measurement  with  the  cavity  off.  An 
automated  procedure  that  relies  on  an  orbit  feedback  to 
maintain  the  cavity  phase  accurately  at  the  zero-crossing 
has  been  developed  for  measuring  the  bunch  length.  The 
rms  width  of  the  streaked  beam  profile  is  often  biased  by 
tails  in  the  beam  distribution  so  a  Gaussian  fit  is  used  to 
give  a  bunch  length  for  the  core  of  the  beam.  The  rms 
width  calculated  from  a  double-asymmetric  Gaussian  fit  is 
better  suited  to  the  non-Gaussian  profiles,  but  it  is  more 
sensitive  to  pulse-to-pulse  variations  in  the  beam 
distribution. 

The  vertical  beam  size  squared  measured  at  the  three 


Figure  3  Vertical  size  squared  of  the  streaked  beam  versus 
RF  phase  of  the  deflecting  cavity  using  Gaussian  fits 
(lower)  and  double-asymmetric  Gaussian  fits  (upper). 


cavity  settings  is  fitted  to  a  quadratic  function, 

al=A(fif+B 

shown  in  figure  4,  and  together  with  the  screen  calibration 
C  [pixels/deg.  S-band]  yields  the  bunch  length 

o-,=4Va/4C 

Bunch  lengths  in  the  range  50-100  pm  rms  have  been 
measured  in  the  linac  with  this  technique  for  a  bunch 
charge  of  3  nC. 

Transverse  emittance 

Emittances  of  ye*  =  40  and  ySy  =  5  microns  have  been 
achieved  for  the  compressed  bunch  at  the  end  of  the  linac 
using  the  damping  ring  and  linac  diagnostic  and  tuning 
techniques  developed  for  SLC.  The  small  bunch  length  in 
the  chicane,  particularly  in  the  final  bend  magnet  can 
result  in  some  emittance  growth  through  coherent 
synchrotron  radiation  (CSR).  A  horizontal  emittance 
growth  of  22%  has  been  measured  with  the  chicane  on 
relative  to  the  chicane  off.  This  is  coiisistent  with  the 
predicted  growth  using  theoretical  models  and  particle 
tracking  codes  [8],  where  about  half  the  growth  is 
attributed  to  CSR  and  the  other  half  to  incoherent 
synchrotron  radiation  (ISR).  These  results  help  provide 
an  upper  limit  for  the  expected,  larger  relative  emittance 
growth  in  the  LCLS  and  other  short  bunch  machines. 
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Abstract 

The  University  of  Maryland  Electron  Ring  (UMER),  de¬ 
signed  for  studies  of  space-charge  dominated  beam  trans¬ 
port  in  a  strong  focusing  lattice,  is  nearing  completion. 
UMER  models,  for  example,  the  recirculator  machine  en¬ 
visioned  as  a  possible  driver  for  heavy-ion  inertial  fusion. 
The  UMER  lattiee  consists  of  36  FODO  periods  distributed 
among  18,  20°-bending  sections  containing  two  dipole 
magnets  each.  The  main  diagnostics  are  phosphor  screens 
and  capacitive  beam  position  monitors  placed  at  the  cen¬ 
ter  of  each  bending  section.  In  addition,  pepper-pot  and 
slit-wire  emittance  meters,  as  well  as  an  energy  analyzer 
are  in  operation.  We  present  here  results  of  beam  match¬ 
ing  and  characterization  for  a  range  of  currents  extending 
from  about  1  mA  to  100  mA,  all  at  10  keV  and  100  ns 
pulse  duration.  With  typical  focusing  given  by  cro=76°,  the 
zero-current  betatron  phase  advance  per  period,  the  range 
of  currents  corresponds  to  tune  depressions  of  0.8  to  0.2. 
This  range  covers  both  the  emittance  dominated  and  ex¬ 
treme  space-charge  dominated  regimes,  which  is  unprece¬ 
dented  for  a  circular  machine. 


INTRODUCTION 

The  University  of  Maryland  Electron  Ring  (UMER)  is 
designed  for  scaled  experiments  employing  low  energy  (up 
to  10  keV),  high  current  (up  to  100  mA)  electron  beams. 
A  general  description  and  motivation  of  the  ring  can  be 
found  in  the  UMER  web  page  [1]  and  recent  publications 
[2].  The  development  of  individual  components  has  been 
presented  in  papers  at  the  1999  and  2001  PACs,  and  up¬ 
dates  appear  in  these  Proceedings.  Construction  of  a  ma¬ 
chine  with  a  layout  similar  to  UMER’s  was  undertaken  a 
few  years  ago  at  Lawrence  Livermore  National  Laboratory. 
In  the  Livermore  ring,  a  80  keV  (initial  energy)  potassium- 
ion  beam  was  successfully  transported  and  accelerated  over 
one  quarter  turn  [3].  In  this  paper,  we  report  on  results  of 
electron  beam  transport  experiments  over  one-half  turn,  i.e. 
18  FODO  periods.  A  detailed  account  of  experiments  over 
one-quarter  turn  was  submitted  for  publication  [4]. 
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LAYOUT  AND  DIAGNOSTICS 

A  photograph  of  the  current  UMER  setup  and  the  cor¬ 
responding  schematics  are  shown  in  Figure  1.  The  DC 
injector  consists  of  a  short  solenoid,  seven  printed-circuit 
(PC)  quadrupoles,  a  DC  bending  dipole,  a  number  of  ele¬ 
ments  for  beam  steering,  and  two  sets  of  Helmholtz  coils 
for  balancing  of  the  Earth’s  magnetic  field.  Results  of  rms 
envelope  matching  experiments  with  a  former  version  of 
the  injector  were  presented  before  [5].  The  former  DC  in¬ 
jector  employed  six  PC  quadrupoles  instead  of  seven,  over 
a  distance  of  one  meter,  approximately.  The  new  DC  injec¬ 
tor  not  only  provides  a  smoother  transition  into  the  periodic 
FODO  lattice,  but  also  fits  the  geometry  of  the  pulsed,  Y- 
shaped  injector  which  is  nearing  eompletion  (see  M.  Walter 
et  al,  TPPB025  paper  in  these  proceedings.) 

Nine  bending  sections  (labeled  RCl  through  RC9  in  Fig. 
1)  follow  the  matching/injection  section.  Each  section  con¬ 
tains  two  FODO  periods,  i.e.  four  PC  quadrupoles  and  two 
PC  bending  dipoles,  and  a  diagnosties  chamber  between 
the  quadrupoles  in  the  straight  part.  In  addition,  short  PC 
steering  dipoles  for  vertical  steering  are  placed  over  the 
4-1/2”  flanges  between  sections.  An  important  feature  of 
UMER  is  that  it  takes  advantage  of  the  bending  action  of 
the  Earth’s  magnetic  field  on  the  10  keV  electron  beam. 
Thus,  the  required  current  on  the  PC  bending  dipoles  is  re¬ 
duced  from  near  3.0  A  to  about  2.5  A. 

The  diagnostics  in  the  straight  section  include  a  phos¬ 
phor  screen  (chamber  labeled  ICl  in  Fig.  1),  a  combination 
beam-position  monitor  (BPM)-  Phosphor  Sereen  (at  IC2), 
and  a  fast  Bergoz  transformer  between  quadrupoles  Q2  and 
Q3  for  current  measurements.  The  chambers  in  the  ring 
sections  also  have  a  combination  BPM-Phosphor  Screen. 
The  beam  image  is  reflected  at  a  mirror  oriented  at  45®  and 
monitored  through  a  window  in  each  diagnostics  chamber 
(Fig.  1).  The  phosphor  screen/mirror  housing  is  attached 
to  the  bottom  plate  of  the  BPM,  so  either  one  can  be  placed 
in  line  by  means  of  an  actuator.  The  BPMs  are  multiplexed 
and  computer  monitored  (see  B.  (Juinn  et  al,  WPPB073  pa¬ 
per  in  these  proceedings.)  .  End  diagnostics  include  a  sec¬ 
ond  Bergoz  coil  near  the  entrance  to  the  large  diagnostics 
chamber  and  a  magnetically-actuated  phosphor  screen  sys¬ 
tem.  The  large  diagnostic  chamber  houses  a  pepper-pot  for 
integrated  emittance  measurements,  as  well  as  a  slit-wire 
assembly  for  both  horizontal  and  vertical,  time-resolved 
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Figure  1;  Photo  and  schematics  of  current  UMER  experiment.  See  text  for  explanation  on  labels. 


emittance  measurements  (see  M.  Walter  et  al,  TPPB074  pa¬ 
per  in  these  proceedings.) 

Lastly,  we  have  installed  a  Nd;YAG  laser  near  the  exit 
of  the  UMER  electron  gun  and  demonstrated  photoemis¬ 
sion  from  the  dispenser  cathode.  With  pulse  energies  of 
1-2  mJ  in  the  2nd  and  3rd  harmonics,  we  are  able  to  ob¬ 
tain  space-charge  limited  current  pulses  (  100  mA)  with 
pulse  widths  of  4.5ns.  By  adjusting  the  cathode  tempera¬ 
ture,  we  can  produce  combined  thermionic  and  photoelec¬ 
tric  pulses,  and  with  suitable  masks  in  the  optical  path,  we 
have  produced  multiple  beamlets  from  the  UMER  cathode. 
The  new  photoinjector  has  already  proved  to  be  a  useful 
tool  for  initial  studies  of  longitudinal  beam  dynamics  (see 
A.  Valfells  et  al,  WPAG020  paper  in  these  proceedings.) 


Table  1:  Beam  Parameters  (lOkeV,  <to=76°,  €=4xrms,  un- 
normalized  emittance) _ 


Current 

(mA) 

Initial  e 
(/rm) 

Avg.  Beam 
Radius  (mm) 

Tune 

Depression 

0.55±5% 

5±20% 

1.3 

0.8 

24±2% 

30 

5.3 

0.3 

85±2% 

55 

9.5 

0.16 

BEAM  ALIGNMENT  AND  RMS 
ENVELOPE  MATCHING 

Experiments  were  conducted  with  three  different  beam 
currents  (see  Table  1),  the  lowest  one  corresponding  to  an 


emittance-dominated  beam  and  the  other  two  in  the  region 
of  extreme  space-charge  dominated  transport.  No  current 
losses  were  measured  for  the  0.55  and  24  mA  beams,  but 
a  <5%  loss  may  occur  for  the  85  mA  beam,  which  is  at¬ 
tributable  to  halo  particles  from  envelope  mismatch.  Beam- 
based  alignment,  on  the  other  hand,  varies  from  the  lowest 
current  cases  to  the  85  mA  case,  i.e.  the  steering  dipoles 
have  to  be  set  differently  for  the  highest  current.  This  can 
be  understood  by  the  fact  that  beam-  centroid  drift  from  im¬ 
age  forces,  in  addition  to  beam  distortions  from  quadrapole 
rotation  errors,  plays  a  larger  role  for  the  highest  current. 

Beam-based  alignment  was  done  with  the  BPMs  as  fol¬ 
lows:  the  “Left— Right”  and  “Top— Bottom”  electrode  sig¬ 
nals  from  a  BPM  were  minimized  for  different  bending 
currents  in  the  two  bending  dipoles  upstream  of  the  BPM 
chamber.  The  correct  bending-currents  pair  was  obtained 
by  a  scan  of  the  quadmpole  upstream  of  the  BPM.  As  an 
example,  the  currents  of  dipoles  D2  and  D3  (Fig.  1)  are 
varied  and  the  BPM  on  RCl  monitored.  The  correct  pair 
of  currents,  i.e.  the  one  that  gives  both  correct  centroid  and 
beam  angle  through  the  BPM,  is  chosen  after  current  scans 
(±1.0  A)  of  QR3.  The  error  in  centroid  location  from  this 
procedure  is  ±0. 1  to  ±0.4  mm,  depending  on  beam  current 
(see  B.  Quinn  et  al,  WPPB073  paper  in  these  proceedings.) 

As  mentioned  above,  another  important  factor  in  the 
experiments  is  the  error  in  quadmpole  rotation  about  the 
magnetic  axis.  Although  the  four  quadrapoles  in  a  given 
20°  bending  section  share  a  common  support  plate  (see 
Fig.  1),  there  are  small  differences  in  roll  angle  among 
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Figure  2:  False-color  rendering  of  fluorescent  screen  pictures  of  24  mA  beam  (see  Table  1)  in  the  nine  ring  chambers,  and 
horizontal  straight-cut  density  profiles  (8-bit  grayscale,  unnormalized). 


the  quadrupoles  arising  from  assembly,  mounting  and  other 
mechanical  factors.  Furthermore,  the  support  plates  in  all 
ring  chambers  do  not  share  exactly  the  same  plane,  de¬ 
spite  an  effort  to  adjust  them  with  the  help  of  an  optical 
alignment  system  (see  M.  Walter  et  al,  WPPB075  paper  in 
these  proceedings.)  In  order  to  alleviate  the  problem,  the 
quadmpole  mounts  were  individually  leveled  with  an  er¬ 
ror  of  ±1.0  mrad.  Still,  a  residual  effect  of  these  errors  is 
obvious  in  the  beam  cross  section  orientation,  as  seen  in 
the  picture  montage  of  Figure  2  for  the  24  mA  beam.  We 
should  add  that  the  CCD  camera  itself  was  leveled  with  the 
same  accuracy  as  for  the  quadmpole  mounts. 

Initial  rms  envelope-matching  calculations  for  the  24 
mA  beam  (at  10  keV)  are  based  on  a  straight  FODO  lat¬ 
tice  (see  [5]).  The  effective  (2  rms)  experimental  beam 
radii  in  the  two  transverse  directions  are  obtained  from  the 
fluorescent  screen  pictures.  As  can  be  seen  in  the  picture 
montage  of  Fig.  2,  the  vertical  dimension  of  the  beam  is 
essentially  constant  if  one  excludes  the  visible  halo.  How¬ 
ever,  the  horizontal  dimension  shows  a  sudden  increase,  ac¬ 
companied  by  an  extended  halo,  from  RC7  to  RC8.  Pep¬ 
perpot  emittance  measurements,  on  the  other  hand,  yield 
ea:,y=42,28  ±5/rm  at  the  end  of  the  180°  system,  com¬ 
pared  with  ex,y=30,36  ±5/im  from  previous  experiments 
over  four  ring  chambers  (i.e.  a  90°  bend).  The  value  of 
initial  emittance  quoted  in  Table  1  is  the  number  expected 
from  linearly  scaling  the  measured  initial  emittance  of  the 
full  100  ±  SmA  beam  This  scaling  is  based  on  the  use  of 
a  1.5  mm  (radius)  aperture  to  obtain  the  24  mA  beam.  Fi¬ 
nally,  time-integrated  measurements  with  the  slit-wire  sys¬ 
tem  yield  ea:,y=30,20/rm,  but  a  comparison  between  results 
from  the  two  emittance  meters  is  not  straightforward. 

The  experiment  with  the  85  mA  beam  yields  pictures 
with  features  similar  to  those  of  the  24  mA  beam,  except 
for  generally  larger  cross  section  tilts.  The  first  pepper¬ 
pot  emittance  measurements,  on  the  other  hand,  reveal  an 
increase  of  20-25%  over  the  90° -system  results,  but  addi¬ 
tional  tests  that  include  the  slit-wire  meter  are  needed. 

Other  feamres  under  investigation  are  the  possibility  of 
transverse  waves  in  the  beam  (see  bottom  of  Fig.  2),  asso¬ 
ciated  anisotropy,  dispersive  and  bunch-end  effects,  energy 
spread  evolution  and  other  studies  of  longitudinal  dynam¬ 
ics.  Concerning  the  latter,  an  accompanying  paper  presents 
results  on  the  evolution  of  non-square  current  profiles  in 
the  ring  (see  A.  Valfells  et  al,  WPAG020  paper  in  these 


proceedings.) 

CONCLUSION 

We  have  demonstrated  emittance  as  well  as  space-charge 
dominated  beam  transport  in  a  180°  bend  system.  We  are 
developing  the  “single-turn”  beam  physics  in  UMER  as  we 
build  the  machine.  Foremost  are  beam-based  alignment 
and  envelope  matching.  They  are  increasingly  more  dif¬ 
ficult  for  higher  currents,  despite  better  S/N  in  the  signals 
from  the  capacitive  BPMs.  This  is  so  because  of  the  role 
of  image  forces  and  quadmpole  rotation  errors.  The  way 
bending  couples  with  these  effects  is  still  under  study,  and 
its  understanding  should  provide  the  means  for  transport 
with  minimum  emittance  growth,  a  prerequisite  for  multi- 
turn  operation  in  UMER. 
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NEUTRINO  BEAM  FACILITIES  AND  PROJECTS* 


W.T.  Weng'',  M.V.  Diwan,  BNL,  Upton,  NY  11973,  USA 


Abstract 

Neutrino  oscillations  have  been  firmly  established  by 
the  experimental  results  on  Atmospheric  and  Solar 
neutrinos.  As  impressive  as  the  results  fi-om  these 
experiments  are,  it  is  clear  that  we  are  just  getting  started 
on  a  long-term  experimental  program  to  understand 
neutrino  masses,  mixing,  and  possibly  leptonic  CP 
violation.  Many  new  facilities  and  experiments  are 
underway  to  explore  the  detailed  oscillation  mechanism 
for  comparison  with  theoretical  predictions.  Also,  further 
improvements  on  neutrino  oscillations  using  a  muon 
storage  ring  based  on  Neutrino  Factory  will  be  covered. 


INTRODUCTION  AND  NEUTRINO 
OSCILLATION 

Dr.  Ray  Davis  of  BNL  and  Prof.  Masatoshi  Koshiba  of 
Japan  shared  the  2002  Nobel  Prize  in  Physics  for  their 
path-breaking  measurement  of  the  terrestrial  fluxes  of 
Solar  and  atmospheric  neutrinos.  Their  research 
established  that  neutrinos  have  mass  and  oscillate  among 
three  flavor  states  as  they  propagate  through  space  and 
time.  Neutrino  oscillations  can  arise  if  the  flavor  and 
mass  eigenstates  are  not  the  same.  Assuming  three 
flavors  and  mass  eigenstates,  a  specific  form  of  the 
mixing  matrix  for  the  three  known  active  flavors  has  been 
developed  by  Maki,  Nakagawa  and  Sakata  and  is  known 
as  the  “MNS  matrix”  [1]: 


f  ^13^12 


U  = 


,  ■*23^  12  “  ■^13^23^12^'^ 


-IS\ 

C13C12  5'i3e 

S\2^13S\2e‘^  <^13*23 

“■^23^12  C13C23  ^ 


sin0,y.  This  is  completely 


Where  c,y  =  cos0j,  and  Sjj  _ 

analogous  to  the  CKM  matrix  for  the  quark  sector.  Of 
importance,  we  note  that  a  CP-violating  phase  8  is 
possible.  Interpretation  of  the  experimental  results  is 
based  on  oscillations  of  one  neutrino  flavor  state,  v„  v^, 
Vt,  into  the  others,  and  described  quantum  mechanically  in 
terms  of  neutrino  mass  eigenstates,  Vi,  V2,  and  V3.  For 
example,  for  a  V;,-beam  coming  from  a  neutrino  facility, 
the  Ve  appearance  probability  to  leading  order  is  given  by 


= sin^  (^23 )  (2^13 )  sin 


.•_2, 


\.21tsm'\AeV'^)L{km) 


E,(GeV) 


A  detector  must  be  placed  at  an  appropriate  distance  from 
the  neutrino  source  to  allow  the  neutrino  enough  time  to 
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oscillate.  The  combined  experimental  results  indicate 
that,  the  mass  differences  involved  in  the  transitions  are 
measm-ed  to  be  approximately 

Aw2,  =(5  — 10)x10  ^  eV^  for  the  solar  neutrinos  and 

Affi|2  =  »j(v3)^-/M(v2)^  =±(1.6-4.0)xl0“^er^for  the 
atmospheric  neutrinos,  with  large  mixing  strengths, 
sin  2^12  ~  0.8  and  sin^  2^23  ~  1 -0  in  both  cases.  These 
parameters  will  be  measured  with  better  accuracy  in  the 
experiments  that  are  now  either  under  construction  or 
taking  data.  Nevertheless,  the  parameters  are  now 
sufficiently  well-known  that  they  open  the  possibility  for 
accelerator  based  very  long  baseline  experiments  that  can 
explore  the  complete  set  of  neutrino  oscillation 
parameters,  perform  precise  measurements  of  the  mixing 
parameters,  and  search  for  new  physics. 

SURVEY  OF  EXISTING  AND  APPROVED 
FACILITIES 

For  an  effective  experiment  to  study  neutrino 
properties,  one  needs  a  good  neutrino  source  and  a 
reliable  way  of  detection.  For  an  accelerator-based 
system,  a  powerful  proton  accelerator  and  a  well-designed 
target  and  beam  focusing  system  are  required.  When  the 
protons  hit  the  target,  copious  number  of  pions  are 
generated  which  quickly  decay  into  muons  and  neutrinos. 
To  increase  the  flux  of  neutrinos  at  a  detector  far  away 
fi'om  the  target,  a  pulsed  hom  is  usually  deployed  to 
provide  additional  focusing  of  the  pion  beam.  In  table  1 
we  list  the  world-wide  neutrino  facilities  and  their  design 
parameters.  The  first  type  of  facilities  are  those  already  in 
use,  or  under  construction.  The  second  type  are  those  in 
the  planning,  or  proposal  stage. 

As  shown  in  Eq.  (1)  the  oscillation  probability  is 
governing  by  the  ratio  ofL/E^  indicating  that  the  distance 
from  the  target  to  the  detector,  L,  and  the  neutrino  beam 
energy,  E^,  are  important  parameters  for  a  design  of  the 
neutrino  beam  facility.  Therefore,  in  Table  1  those  two 
parameters  are  listed  in  addition  to  that  of  the  proton 
beam.  Total  flux  per  year  for  each  facility  is  arrived  at 
by  assuming  lO’  seconds  of  operation  per  year.  Ey  usually 
is  chosen  according  to  Eq.  1  to  be  around  the  first  peak  of 
oscillation,  where  \21Em\2LIE=7r H.  However,  for 
the  proposal  by  BNL,  all  energies  from  about  1 .0  GeV  to 
7.0  GeV  are  included  in  the  analysis,  since  it  aims  at 
seeing  the  pattern  of  several  oscillations.  Another  quantity 
included  is  the  fiducial  mass,  FM,  of  the  far  detector 
which  determines  the  event  rate  and  resolution  of  the 
data. 
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Table  1 .  High  Intensity  Proton  Sources  for  Neutrino  Experiments 


Machine 

Rep 

Rate 

JHzL 

19 

mi 

I^SI 

Detector 

KSn 

Existing  and  Approved 

Sj||Si 

KEKPS 

Fermilab  Booster 
Fermilab  Main  Injector 

CERN  SPS 

J-PARC  50  GeV 

0.8 

0.5 

12 

0.005 

1.3 

250 

SK 

22.5 

0.5 

8 

0.05 

0.7 

0.5 

Mini  Boone 

0.4 

3 

0.54 

120 

0.4 

3.5 

735 

MINOS 

4.8 

0.17 

400 

0.5 

17 

732 

ICARUS 

OPERA 

2.35 

1.65 

32 

0.3 

50 

0.75 

0.8 

295 

SK 

22.5 

Proposed  Faeilities 

Fermilab  MI  Upgrade 
BNL  AGS  Upgrade 
J-PARC  Upgrade 
CERN  SPL 

15 

0.65 

120 

1.9 

3.5 

735 

MINOS 

9 

2.5 

28 

1 

1. 0-7.0 

2540 

UNO  or  3M 

500 

32 

0.9 

50 

2.2 

0.8 

295 

HK 

540 

23 

2.2 

4 

mmam 

40 

Since  the  location  and  distance  of  the  detector  are 
important  aspects  of  neutrino  oscillation  experiments,  we 
show  in  Fig.  1  maps  of  the  three  existing  facilities. 

K2K  uses  a  “standard”  neutrino  beam  configuration. 
The  12  GeV  protons  impinge  on  a  target  to  produce 
pions.  The  pions  are  focused  using  a  double-horn  system 
in  the  direction  (on-axis)  of  Super-Kamiokande  and 
directed  down  a  decay  pipe  which  is  ~150m  long.  The 
peak  neutrino  energy  is  about  1.3  GeV.  To  date,  a  total  of 
5.6  X  lO'’  protons  have  been  delivered  to  the  K2K 
neutrino  beam  target.  This  has  resulted  in  a  total  of  29 
single-ring  muon-like  events  observed  at  Super- 
Kamiokande  with  the  expected  number  being  42  ±  6 
events  with  no  oscillations.  An  oscillation  analysis  on 
these  events  shows  that  the  resulting  oscillation 
parameters  are  in  good  agreement  with  those  measured 


from  the  atmospheric  neutrinos  [2],  although  the  result  is 
still  statistically  limited. 

A  new  Japanese  construction  project,  J-PARC,  is  in 
progress  at  JAERI-Tokai  site  aiming  the  completion  by 
March  2007  [3].  Using  the  50  GeV  proton  synchrotron  in 
J-PARC,  a  long  baseline  neutrino  oscillation  experiment 
is  being  planned.  In  the  first  phase  of  the  project,  the 
power  of  the  50  GeV  PS  will  be  0.75  MW,  and  SK  will 
be  used  as  the  far  detector.  The  intensity  of  the  neutrino 
beam  is  expected  to  be  about  2  orders  of  magnitudes 
higher  than  K2K.  The  baseline  length  between  JAERI 
and  SK  is  295  km.  The  goals  of  the  first  phase  are  the 
precise  measurements  of  oscillation  parameters  in  v^ 
disappearance  and  the  discovery  of  Ve  appearance.  Also, 
v^  — or  Vj,  — >  Vs  oscillation  can  be  tested  by  measuring 
the  number  of  NC  interactions  in  SK. 


OPERA  and  ICARUS  , 

Figure  1 :  Map  for  K2K,  NUMI,  and  CNGS  Experiments 
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In  the  US,  the  current  long-baseline  project  is  the 
MINOS  (Main  Injector  Neutrino  Oscillation  Search) 
experiment  using  the  NuMI  (Neutrinos  at  the  Main 
Injector)  beamline  at  Fermilab[4].  MINOS  will  make  use 
of  the  intense  neutrino  beam  afforded  by  the  Main 
Injector  to  make  precise  measurements  of  neutrino 
oscillations  associated  with  the  “atmospheric”  signal.  By 
2005,  the  Main  Injector  is  expected  to  provide  120  GeV, 
4  X  lO’^  protons  per  pulse  every  1.9  sec  to  the  NuMI 
target.  This  operation  corresponds  to  0.4  MW  of  proton 
power  for  v-productoin. 

The  NuMI  beamline  is  larger  than  that  of  the  K2K 
beamline.  It  uses  a  graphite  target  because  of  higher  beam 
power.  It  is  also  tunable  to  scan  a  wider  v  energy 
spectrum. 

The  MINOS  experiment  utilizes  a  near  and  far  detector 
of  very  similar  construction  in  order  to  permit  precise 
measurements  of  oscillation  parameters,  clear 
demonstration  of  the  oscillation  signature  and  precise 
determination  of  the  flavor  participation  of  all  neutrino 
types  involved  in  the  oscillations.  The  MINOS  detectors 
are  sampling  calorimeters  with  2.54  cm  thick  iron 
absorbers  interleaved  with  1.0  cm  thick  plastic  scintillator 
strips,  which  are  4  cm  wide.  The  iron  in  the  detectors  is 
magnetized  with  typical  field  of  1.5  T. 

The  MINOS  far  detector  has  a  total  mass  of  5.4  kT. 
Roughly  5000  charged-current  events  are  expected,  in 
the  absence  of  oscillations,  in  the  far  detector  for  two 
years  of  running.  A  picture  of  the  MINOS  detector 
assembly  at  the  Soudan  mine  is  shown  in  Fig.  2. 


Figure  2:  Installation  of  MINOS  Detector 


The  third  near-term  long-baseline  project  which  is  also 
in  construction  is  the  CERN  to  Gran  Sasso  (CNGS) 
beamline  and  experiments  [5].  The  CNGS  beamline  will 
use  400  GeV  protons  from  the  SPS  to  create  a  high 


energy  neutrino  beam  (E^yg  =  17  GeV)  aimed  at  the  Gran 
Sasso.  The  primary  goal  of  this  beamline  and  the 
experiments  at  the  Gran  Sasso  will  be  to  demonstrate  the 
direct  appearance  of  Vy  CC  events  from  the  beam.  This 
beam  will  be  commissioned  in  2006. 

The  two  detectors  which  will  initially  utilize  this  beam 
at  the  Gran  Sasso  are  Opera  and  Icarus.  Opera  will  use 
plates  of  emulsion  interleaved  with  thin  lead  plates  to 
look  for  CC  Vt  events  where  the  r  is  produced  in  the  lead 
and  then  subsequently  decays  in  a  gap  downstream  where 
a  kinked  track  will  be  observed  in  the  emulsion.  Opera 
plans  a  total  detector  mass  of  about  2  kT,  dominated  by 
the  mass  of  the  lead.  Icarus  is  a  large  liquid  argon  TPC 
that  can  identify  CC  events  on  a  statistical  basis 
through  the  transverse  momentum  imbalance  which 
results  when  a  t  decays  to  a  muon  or  electron. 

SURVEY  OF  PROPOSED  FACILITIES 
(SUPERBEAM) 

The  existing  and  approved  projects  were  designed 
before  the  neutrino  oscillations  had  been  unequivocally 
confirmed  and  were  also  limited  by  proton  beam  power. 
Typical  event  rates  are  about  few  tens  to  a  hundreds  per 
year.  With  the  advent  of  recent  discoveries  and  interest, 
many  more  powerful  facilities  have  been  proposed.  All 
of  them  aim  to  reach  proton  beam  power  in  the  range  of 
1.0  to  4.0  MW  to  substantially  increase  the  event  rate  to 
several  thousands.  Recent  progresse  on  the  design  of  the 
high  power  proton  drivers  were  reviewed  in  references 
[6]  and  [7].  Such  facilities  allow  precision  measurements 
of  most  of  the  mixing  parameters  and  mass  differences. 
The  BNL  proposal  based  on  a  1  MW  upgraded  AGS  and 
a  2540  km  baseline  intends  to  observe  the  oscillation 
pattern  as  a  function  of  neutrino  beam  energy,  covering 
three  full  oscillations  yielding  precise  resolution  of  all 
interested  parameters.  An  unique  aspect  of  the  BNL 
proposal  is  the  ability  to  measure  CP  parameters  with  v^ 
beam  alone. 

When  upgrade  paths  are  discussed  for  various  neutrino 
beam  facilities,  usually  only  the  accelerator  is  presented. 
However,  the  most  difficult  part  is  the  target  and 
associated  pion  decay  channel  and  radiation  shielding. 
Much  R&D  effort  needs  to  be  expended  on  a  reliable 
target  system  for  more  than  2  MW  power,  and  the 
associated  infrastructure  is  very  difficult  to  revamp  after 
operation  due  to  the  intense  rachation  environment. 

As  shown  in  Table  1,  NuMI  can  be  upgraded  to  about  2 
MW  by  increasing  the  Main  Injector  intensity  fi'om  3  x 
lO’^  ppp  to  15  X  lO'^  ppp  and  increase  the  repetition  rate 
by  20%.  Similarly,  J-PARC  can  upgrade  the  proton 
beam  power  to  2.2  MW  by  tripling  the  repetition  rate  of 
the  50  GeV  synchrotron.  Both  the  NuMI  upgrade  project 
and  the  J-PARC  stage  2  project  are  designed  to  provide  a 
“narrow  band”  off-axis  v  beam  [8].  Such  a  beam  is 
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expected  to  reduce  the  neutral  current  interaction 
background  to  the  v^-Ve  appearance  search. 

In  Europe,  there  is  an  idea  of  a  superbeam  LBL 
experiment  in  which  the  neutrino  beam  is  produced  by  a 
superconducting  Super  Proton  Linac  (SPL)  at  CERN  and 
detected  by  a  detector  at  Modane  laboratory  in  the 
Furejus  tunnel,  130  km  from  CERN  [9],  The  proposed 
SPL  is  a  2.2  GeV  LINAC  with  4  MW  beam  power 
operated  at  75-Hz  repetition  rate  Md  1.5  x  lO*'* 
protons/pulse.  The  neutrino  beam  is  a  conventional  wide¬ 
band  beam  with  the  expected  neutrino  ranges  <  500  MeV. 
This  matches  with  the  oscillation  maximum  of  ~  300 
MeV  at  Am^  =  3x10'^  eV^. 

In  BNL’s  superbeam  proposal,  the  neutrino  beam  is 
produced  by  the  28  GeV  proton  beam  from  the 
Alternating  Gradient  Synchrotron  (AGS)  at  BNL  and  is 
detected  by  a  large  detector  of  500  kT,  most  likely  of  the 
water  Cherenkov  type,  at  a  distance  of  2540  km.  For  this 
discussion,  the  detector  is  assumed  to  be  located  at  the 
Homestake  mine  in  Lead,  South  Dakota.  The  primary 
purposes  are  precise  determination  of  oscillation 
parameters,  search  for  appearance  and  CP  violation. 
The  main  ingredients  of  this  new  facility  are  (1) 
construction  of  a  superconducting  LINAC  to  raise  the 
injection  energy  to  1.2  GeV,  (2)  increase  the  repetition 
rate  of  the  AGS  from  0.6  to  2.5  Hz,  and  (3)  construction 
of  a  1.0  MW  target  station  and  neutrino  beam  channel. 
[10,11] 

The  layout  of  the  proposed  addition  of  the  1.2  GeV 
SCL  and  the  AGS  is  shown  in  Fig.  3.  The  target  and  horn 
system  are  designed  in  such  a  way  that  neutrinos  with 
energy  from  about  1  GeV  to  7  GeV  are  copiously 
produced. 


To  achieve  the  1  MW  upgrade  option  of  the  proton 
driver  at  BNL  serious  consideration  has  been  given  to 
both  the  target  material  and  horn  configuration.  A  solid 
target  is  a  viable  choice  for  a  1  MW  beam.  Low  and  high 
Z  materials  have  been  investigated  both  in  terms  of  the 
material  endurance  as  well  as  the  feasibility  of  target/hom 
configuration.  Results  of  the  parametric  studies  on 
material  choices  regarding  pion  production  are  shown  in 
Fig.  4. 

A  graphite-based  carbon-carbon  composite  is  selected 
as  a  target  material  both  for  its  low-Z  and  thermo- 
mechanical  properties.  Various  aluminum-based 


materials  are  being  considered  for  horn  conductors. 
Two  Interaction  Length  Targets 
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Figure  4;  Pion  production  as  fimction  of  proton 
momentum  for  different  materials 


The  main  source  of  v^  is  the  two  body  pion  decay 
Vj,p.L  The  pions  are  produced  in  interactions  of  the 
proton  beam  with  a  target.  Neutrino  energy  from  the 
above  decay  is 


Ev  = 


0.43E„ 

\  +  ’ 


(2) 


where  y  is  the  pion  relativistic  boost  and  0  is  the  neutrino 
emission  angle  at  decay.  It  is  seen  from  the  above 
equation  that  in  order  to  get  a  neutrino  beam  of  the  energy 
of  1.0  -  7.0  GeV  in  a  detector  placed  on  the  facility  axis, 
one  would  need  to  focus  pions  of  2.3  to  1 1.7  GeV  energy. 
This  wideband  spectrum  can  be  achieved  by  a  carefUI 
design  of  a  multiple  horn  system. 


DISAPPEARANCE 


Figure  5:  Disappearance 

With  a  target  located  at  2540  km  away,  more  than  two 
full  neutrino  oscillations  can  be  detected  to  yield  much 
better  determination  of  mixing  parameters  and  mass 
squared  differences.  Shown  in  Fig.  5  is  the  expected 
reconstructed  neutrino  energy  spectrum  of  detected  single 
muon  track  events  in  a  0.5  MT  detector  at  2540  km  from 
BNL  in  which  quasielastic  events  are  expected  to 


432 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


dominate.  1 .0  MW  of  beam  power  and  5  years  of  running 
are  assumed.  The  top  histogram  is  without  oscillations; 
the  middle  error  bars  are  with  oscillations  and  the  bottom 
histogram  is  the  contribution  of  the  background  to  the 
oscillated  signal  only.  The  oscillated  plot  is  for 
Am22  =  0.0025  eV^ .  The  AGS  neutrino  facility  can  be 
upgraded  to  4  MW  by  doubling  both  the  intensity  and  the 
repetition  rate  of  the  AGS. 

As  shown  in  reference  [10],  if  sin^  20,3  >  0.01  then 

the  wide  band  BNL  spectrum  of  Vg  events  from  the 
oscillation  contains  sufficient  information  to  determine 
both  8cp  and  9;j  with  good  resolution  and  few 
ambiguities.  One  of  the  simulation  results  is  shown  in 
Fig.  6. 


Resolution  S^p  vs  Sin*20,3 


Figure  6:  Mass-ordering  and  CP-violation  parameter  5q, 

NEUTRINO  FACTORY 

Around  1998,  it  was  realized  that  neutrino  beams 
generated  from  muon  storage  rings  could  be  very  intense 
and  pure.  The  muon  storage  ring  designed  to  produce  a 
large  number  of  neutrinos  for  experiment  is  called  a 
“Neutrino  Factory”  [12].  The  design  calls  for  a  4  MW 
proton  driver  to  produce  about  5x10^®  |i/year  at  about 
300  MeV.  The  muons  are  then  quickly  accelerated  to 
about  10-20  GeV  to  be  stored  in  a  storage  ring  with  long 
straight  sections  that  produce  the  neutrino  beam  aiming  at 
the  detector.  Depending  on  the  size  and  distance  of  the 
detector,  t5q)ically  10^  ~  10®  neutrino  events  can  fall  into 
the  fiducial  volume  of  the  detector  for  experiment.  Such 
beams  will  have  unique  properties; 

•  Very  intense  beams,  on  order  tens  to  hundreds  of 
times  more  intense  than  planned  superbeams. 

•  Relatively  clean  narrow-band  beams. 

•  Intense,  high  energy  Ve  and  beams. 

The  comparison  for  the  determination  of  the  parameter 
013  for  Superbeam  and  Neutrino  Factory  is  given  in  Fig.  7 


[13].  It  is  shown  that  the  Neutrino  Factory  can  give  a 
reliable  determination  of  sin^  Gb  down  to  about  a  few  10'®. 


Figure  7:  The  reach  of  sin^  Gb  by  various  experiments 

While  the  sensitivity  of  experiments  with  conventional 
horn  focused  Vp  beams  are  limited  by  the  intrinsic 
background  of  to  about  sin^  20,3  >  0.005,  the  v  factory 
approach  is  much  more  sensitive.  Nevertheless,  unlike 
the  wide  band  approach  promoted  by  the  BNL  group,  the 
CP  measurement  with  the  v  factory  must  be  done  by 
comparing  the  probability  of  v,i-»Ve  versus 

Such  an  approach  naturally  makes  the  running  time  much 
longer  and  the  interpretation  of  the  result  is  considered  to 
have  ambiguities  tmless  the  experiment  is  performed  with 
many  different  baselines  [14,15]. 
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STORAGE  RINGS  FOR  FAST  COOLING  OF 
ANTIPROTON  AND  RADIOACTIVE  ION  BEAMS 

B.  Franzke,  P.  Beller,  K.  Beckert,  A.  Dolinskii,  P.  Hulsmann,  F.  Nolden,  C.  Peschke,  M.  Steck, 
GSI,  Planckstrasse  1,  D-64291  Darmstadt,  Germany 


Abstract 

Production,  fast  cooling,  and  accumulation  of  intense 
secondary  beams,  antiprotons  and  rare  isotopes,  are  key 
issues  of  the  new  accelerator  facility  proposed  for  GSI. 
Single  primary  bunches  of  2x1 0'^  protons  at  29  GeV  and 
IxlO'^  U^*^-ions  at  1  GeV/u  shall  be  delivered  from  the 
new,  fast-ramped  100  Tm-synchrotron  SISIOO.  A  large 
acceptance,  reversible  polarity  collector  ring  CR  is  fore¬ 
seen  for  fast  RF  debunching  followed  by  fast  stochastic 
pre-cooling  in  all  phase  planes.  The  envisaged  total  pre¬ 
cooling  times  are  4-5  s  for  3  GeV  antiprotons  and  0.5-1  s 
for  fully  stripped  RI  at  740  MeV/u.  Stochastic  accumula¬ 
tion  of  antiprotons  shall  be  made  in  a  separate  accumula¬ 
tor  ring  RESR.  The  RI  beams  are  transferred  to  a  New 
Experimental  Storage  Ring  NESR,  where  electron  cooling 
(EC)  is  applied  simultaneously  to  internal  target  experi¬ 
ments.  For  experiments  with  antiprotons,  a  special  50  Tm 
storage  ring  HESR  shall  be  equipped  with  internal  target 
and  EC  up  to  15  GeV,  optionally  also  with  stochastic 
cooling.  The  HESR  design  aims  at  a  maximum  luminosity 
of  2xlO’^cm'V'  and  at  100  keV  energy  resolution  at 
lower  luminosity.  Basic  design  issues  for  the  storage  ring 
complex  and  results  of  numerical  simulations  of  cooling 
rates  and  equilibrium  beam  properties  are  discussed. 

1  OVERVIEW  TO  NEW  FACILITY 

The  conceptual  design  report  for  an  “International  Ac¬ 
celerator  Facility  for  Beams  of  Ions  and  Antiprotons”  [1] 
on  the  GSI  site  was  presented  in  autumn  2001.  The  pro¬ 
posal  was  evaluated  in  2002  among  other  proposals  for 
large-scale  research  instruments  by  the  federal  Research 
Council,  which  gave  a  fairly  positive  recommendation  in 
favor  of  the  GSI-proposal.  In  a  press  release  of  Febru¬ 
ary  9,  2003,  the  federal  research  minister  (BMBF)  gave 
‘green  light’  for  the  preparation  of  the  675  M€  project  a 
quarter  of  which  has  to  be  contributed  by  international 
partners. 

The  proposed  accelerator  complex  (see  fig.  1)  may  be 
characterized  by  following  major  scientific  objectives: 

•  Nuclear  structure  physics  with  rare  isotope  beams 
(RI  beams)  at  high  mean  intensities  for  external 
target  experiments  and  high  peak  intensities  for  in¬ 
ternal  target  experiments  with  cooled  beams  of 
short-lived  nuclei. 

•  Nuclear  collision  experiments  investigating  com¬ 

pressed  baiyonic  matter  with  heavy  projectiles  up 
to  at  specific  projectile  energies  up  to 

34  GeV/u. 

•  Internal  target  experiments  with  cooled  antiproton 
beams  at  luminosities  up  to  2xl0^^cm‘^s''  for  in¬ 


vestigations  of  exotic  hadronic  states  with  high 
resolution. 

•  Atomic  physics  experiments  with  high-Z  ions  in  a 
wide  energy  range  up  to  relativistic  energies. 

•  Plasma  physics  experiments  investigating  evolu¬ 
tion  and  properties  of  hot,  dense  plasmas  generated 
by  means  of  intense  heavy  ion  beam  pulses. 


Figure  1 :  Preliminary  layout  of  the  proposed  accelera¬ 
tor/storage  ring  facility  at  GSI  (see  text  below). 

The  layout  of  the  proposed  accelerator/storage  ring 
complex  is  shown  in  figure  1.  The  existing  UNILAC- 
SIS18  accelerators  (left  side)  shall  serve  as  injectors,  sup¬ 
plemented  by  a  50  MeV  proton  linac  for  antiproton  pro¬ 
duction.  The  fast-cycling  100  Tm-synchrotron  SISIOO  [2], 
equipped  with  super-ferric  2  T-dipoles  (ramp  rate  4  T/s), 
will  accelerate  IxlO'^  U^®^-ions  per  cycle  for  RI  produc¬ 
tion  at  1-2.7  GeV/u  and  2xl0'^  protons  per  cycle  for  anti¬ 
proton  production  at  29  GeV.  The  high  beam  intensities 
per  SISIOO  cycle  are  obtained  by  means  of  multi-turn  fill¬ 
ing  the  SIS18  up  to  the  space  charge  limit  at  injection  en- 
eigy  (11.5  MeV/u  for  heavy  ions  and  50  MeV  for  protons) 
and  by  accumulating  4  to  5  SIS  18  cycles  in  the 
correspondingly  larger  SISIOO  ring.  The  super-conducting 
300  Tm-SIS300,  installed  in  the  same  ring  tunnel,  will  be 
used  to  accelerate  about  lxl0’“  U®^^-ions‘  up  to  34  GeV/u 
for  nuclear  collision  experiments,  but  alternatively  also  as 
stretcher  for  SISlOO-beams. 

This  contribution  describes  the  concept  of  collection, 
fast  cooling  and  accumulation  of  RI  and  antiproton  beams 
in  the  13  Tm-CR  complex  consisting  of  a  large  accep¬ 
tance  Collector  Ring  CR  and  an  accumulator  ring  RESR. 
The  pre-cooled  beams  are  led  to  Experimental  Storage 
Rings  (xESR)  equipped  with  internal  target  experiments 
and  electron  coolers:  RI  beams  to  the  13  Tm-NESR  and 
antiproton  beams  via  SISIOO  to  the  50  Tm-HESR. 


0-7803-7738-9/03/$17.00  ©  2003  IEEE 
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2  SECONDARY  BEAM  PRODUCTION 

2. 1  Rare  Isotope  Beams 

Experimental  data  measured  at  the  existing  fragments 
separator  FRS  behind  SIS  18  confirmed  that  optimal 
yields  of  neutron-rich,  i.e.  most  exotic,  nuclei  are  ob¬ 
tained  by  induced  fission  of  ^^®U-projectiles  at  energies  up 
to  1 .5  GeV/u.  Therefore,  may  be  considered  as  refer¬ 
ence  nucleus  for  the  formation  of  rare  isotope  ion  beams 
at  the  proposed  facility.  The  acceleration  of  ^^*U^**  ions  in 
the  proposed  SIS  18-SIS  100  accelerator  combination  will 
allow  not  only  to  attain  a  high  primary  beam  intensity  of 
IxlO’^  ions  per  cycle,  but  also  to  compress  all  projectiles 
into  a  single  bunch  of  only  50  ns  duration  and  2%  full 
momentum  spread.  The  concept  of  time  focusing  mini¬ 
mizes  the  increase  of  the  longitudinal  emittance  for  the 
secondary  beams  and  makes  it  possible  to  apply  fast  de- 
bunching  (i.e.  fast  momentum  spread  reduction)  after 
injection  to  the  CR. 


Figure  2:  Layout  of  the  Super-FRS  [3],  a  magnetic  se¬ 
parator  equipped  with  super-ferric  dipole  and  quadrupole 
magnets.  The  maximum  bending  power  is  20  Tm, 

the  resolving  power  M/AMihovX  1500. 

Table  1 :  A  few  examples  of  expected  RI  intensities  per 
SIS  100  cycle  after  Super-FRS  and  injection  to  the  CR. 
The  heavy  species  are  produced  by  induced  fission  of 
IxlO'^  uranium  projectiles  per  cycle  at  1.5GeV/u,  the 
lighter  ones  by  fragmentation  of  lighter  projectiles  (e.g. 

Ni  from  ^*Ni)  at  lower  specific  energies.  Decay  times 
are  given  for  nuclei  at  rest  [3]. 


Nucleus 

Yield  /  cycle 

Decay  time  Xm  Isl 

"Be^" 

6.0x10* 

13.8 

46Aris^ 

3.2x10* 

7.8 

55Ni28+ 

3.9x10’ 

0.2 

7lNi28+ 

6.7x10* 

2.6 

9lKr36. 

4.2x10’ 

8.6 

i04sn5<H 

5.0x10* 

20.8 

132sn50+ 

4.0x10’ 

39.7 

I33sn504 

4.0x10* 

1.4 

187p|j82+ 

1.0x10’ 

15.0 

207Fr87+ 

3.2x10’ 

14.8 

227y92+ 

1.6x10* 

66 

It  should  be  mentioned  that,  by  each  beam  bunch,  a 
rather  large  fraction  (up  to  30%)  of  the  total  beam  energy 
of  about  57  kJ  at  1.5  GeV/u  is  deposited  in  a  small  vol¬ 


ume  of  about  10  mm^  in  the  (C,  A1  or  Mg)  production  tar¬ 
get  of  a  few  g  cm'^  thickness.  The  power  loss  of  340  GW 
averaged  over  50  ns  will  destroy  every  kind  of  conven¬ 
tional  (solid)  target  by  immetfiate  melting  and  shock 
waves  [4].  Therefore,  the  development  of  targets  that  can 
be  renewed  after  each  beam  bimch  (every  second  or  even 
faster)  is  crucial. 

2.2  Antiproton  Beam 

The  bunching  procedure  described  above  is  applied 
also  to  the  proton  beam  for  the  antiproton  production.  The 
concept  -  kinetic  energy  of  29  GeV  and  intensity  of 
2xl0'^  primary  protons,  target  and  collection  techniques, 
and  acceptance  of  the  CR  (see  Tab.  2)  -  is  very  similar  to 
that  of  the  fonher  AAC-complex  at  CERN  [5,  6].  How¬ 
ever,  because  of  the  higher  proton  intensity  and  energy, 
we  expect  a  somewhat  higher  antiproton  yield  of  5x10'* 
per  incident  proton  at  the  desired  energy  of  3  GeV,  i.e. 
about  Ixl  0®  per  bunch. 

3  FAST  COOLING  IN  CR  COMPLEX 

The  necessity  of  fast  cooling  and  accumulation  in  the 
CR  complex  is  determined  by  the  consumption  rates  at 
the  highest  luminosities  for  the  internal  target  experiments 
with  the  cooled  secondary  beams  and,  in  the  case  of  rare 
isotope  beams,  additionally  by  the  decay  time  yxia  of  the 
exotic  nuclei  in  the  laboratory  system  (see  table  1). 


Table  2:  Selection  of  basic  CR  parameters. 


Bending  power 
Circumference 

Super  periodicity 

Lattice  type 

13  Tm 

200.6  m 

2 

FODO 

Operation  modes 

Pbar 

RIB 

Isochr. 

cooling 

cooling 

mode 

Maximum  energy  [GeV/u] 

3 

0.79 

0.79 

Betatron  tunes  gi, 

4.62 

3.42 

2.36 

Sv 

4.19 

3.36 

3.36 

Transition  energy,  7,^ 

4.3 

2.88 

1.84 

Horiz.  acceptance  [pm] 

240 

200 

70 

Vertical  acceptance  [pm] 

240 

200 

50 

Momentum  acceptance 

±3% 

±1.75% 

±0.7% 

Stoch.  cooling  at  [GeV/u] 

3 

0.74 

at  P=v/c 

0.97 

0.84 

- 

aty 

4.2 

1.8 

1.84 

Revol.  frequency  [MHz] 

1.5 

1.3 

1.3 

Frequency  slip  factor  Ti 

<0.07 

0.17 

0.0 

Rf  peak  amplitude  [kV] 

400 

400 

. 

hptp  after  de-bunching 

±0.6% 

±0.35% 

- 

3.1  CR  Lattice 

The  large  acceptance  Collector  Ring  CR  (see  table  2 
and  figure  3)  is  the  first  stage  of  the  storage  ring  branch  of 
the  proposed  facility  [7].  Its  maximum  bending  power  of 
13  Tm  allows  for  the  injection  of  rare  isotope  beams  at 
740  MeV/u  and,  reversing  the  polarity  of  all  magnets,  of 
antiproton  beams  at  3  GeV.  Mainly  due  to  the  different 
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particle  velocities  the  ion  optics  has  to  be  flexible  in  order 
to  achieve  optimal  conditions  for  fast  stochastic  cooling 
for  both  species  of  beams  (see  table  2).  In  addition,  the 
CR  has  to  be  operated  in  the  isochronous  mode  (Y= Yt)  at  a 
relatively  Ioav  Yt=l-84  for  time-of-flight  mass  spectrome¬ 
try  of  exotic  nuclei. 


Inj./Ext. 


Figure  3:  Layout  of  the  Collector  Ring  CR.  The  ring  will 
be  equipped  with  superferric  dipole  magnets.  The  Palmer 
pickup  is  necessary  only  for  rare  isotope  beams  at  the  be¬ 
ginning  of  momentum  cooling  (too  strong  unwanted  mix¬ 
ing). 

So  far,  two  different  lattice  structures  have  been  studied 
carefully:  a  lattice  with  identical  ion  optical  settings  in 
ISO^-arcs  and  a  so-called  split  ring  lattice  with  strongly 
reduced  frequency  slip  factor  T|  in  the  arc  between  sto¬ 
chastic  cooling  pickups  and  kickers,  which  had  been  al¬ 
ready  proposed  about  10  years  ago  for  the  Super-LEAR 
lattice  [8].  The  results  of  ^e  studies  for  the  split  ring  lat¬ 
tice  in  comparison  with  the  symmetric  lattice  may  be 
summarized  as  following: 

•  the  number  of  quadrupole  families  is  increased  by 
nearly  a  factor  of  2, 

•  chromaticity  and  higher  order  field  corrections  are 
much  more  complicated,  and 

•  the  dynamic  apertures  seem  to  be  considerably  smaller 
(if  not  too  small)  compared  to  the  physical  apertures. 

Before  the  final  decision  about  the  choice  of  the  CR  lat¬ 
tice,  numerical  calculations  of  transverse  cooling  rates  for 
all  phases  of  the  cooling  process  have  to  be  completed. 

3.2  Bunch  Rotation 

As  explained  above  the  injected  secondary  beam  particles 
are  concentrated  in  a  single,  50  ns  long  beam  bunch.  This 
permits,  immediately  after  injection,  fast  momentum 
spread  reduction  by  a  factor  of  approximately  5  by  means 
of  bunch  rotation  followed  by  adiabatic  debunching.  The 
first  harmonic  RF  cavities  have  to  be  tuned  to  1.3  MHz 
for  RI  beams  and  to  1 .5  MHz  for  antiprotons.  A  rather 
high  total  RF  voltage  of  400  kVpp  is  necessary  in  the  case 
of  RI  bunches,  for  which  a  compromise  between  enough 
horizontal  acceptance  and  sufficiently  small  frequency 
slip  factor  Ti=0. 17  is  much  harder  to  find. 


Load  material 
Reson.  RF  for  RI 
Reson.  RF  for  pbar 
Voltage 

Shunt  impedance 

Power 

Length 


MA 

1.3  MHz 
1.5  MHz 

40kVpp 

929  £2 
862  kW 
1  m 


Figure  4:  Preliminary  layout  and  parameters  of  the  CR 
bunch  rotation  cavity.  10  cavities  are  required. 


3.3  Stochastic  Cooling 

The  starting  conditions  for  stochastic  cooling  are  deter¬ 
mined  by  large  transverse  emittances  and  by  the  momen¬ 
tum  spread  after  bunch  rotation  and  adiabatic  de¬ 
bunching.  Because  of  the  stronger  (unwanted)  mixing  the 
momentum  cooling  of  rare  isotope  beams  starts  with  the 
so-called  Palmer  method  until  the  momentum  spread  is 
below  the  mixing  limit  for  notch  filter  cooling  (?)p/p~ 
±0.1%).  The  Palmer  pickup  is  installed  at  a  position, 
where  the  dispersion  amplitude  is  large  compared  to  the 
betatron  amplitude.  The  momentum  deviation  is  deduced 
from  the  difference  between  signals  from  inner  and  outer 
electrodes  of  the  pickup  system.  As  the  Schottky  power  is 
proportional  to  the  square  of  the  ionic  charge  Z,  the  high 
charge  states  of  rare  isotopes  (Z>25)  guarantee  an  excel¬ 
lent  signal  to  (thermal)  noise  ratio. 


Table  3:  Parameters  for  stochastic  cooling  at  CR 


Pbar  RI 

cooling  cooling 

Horiz.  emittance  [ftm] 

injection  emittance  [pm] 

Momentum  spread  [%! 

240  200 

240  200 

±3  ±1.75 

After  de- 

bunching  emittance  [pm] 

Momentum  spread  [%] 

240  200 

240  200 

±0.5  ±0.35 

After  Horiz.  emittance  [pm] 

cooling  Vertical  emittance  [pm] 
Momentum  spread  [%>] 

0.5  5 

0.5  5 

±0.1  ±0.05 

Total  cooling  time  [s] 

5.0  0.5-1 

Transverse  cooling  of  antiprotons  and  rare  isotopes  will 
be  switched  on  when  the  unwanted  mixing  between  pick¬ 
ups  and  kickers  has  reached  tolerable  values  and  the 
wanted  mixing  between  kickers  and  pickups  is  still  strong 
enough.  This  is  the  case  at  a  momentum  spread  of  ap¬ 
proximately  ±0.3%.  This  preliminary  estimate  has  to  be 
confirmed  by  numerical  simulation  of  the  cooling  proc¬ 
ess.  The  corresponding  computer  code  based  on  the  Fok- 
ker-Planck  approach  is  in  preparation  and  should  be 
available  by  the  end  of  this  year. 

The  preliminary  technical  layout  of  the  stochastic  cool¬ 
ing  system  at  the  CR  is  based  on  power-amplifiers  for  two 
or  three  bands  in  the  frequency  range  1  to  4  GHz.  The 
50  £2-kickers  will  be  equipped  with  a  total  power  of  about 
8  kW.  Mainly  for  the  antiproton  cooling  it  is  crucial  to 
aim  at  optimal  signal  to  noise  ratio  at  the  pickup  side. 
Cooling  of  pickup  terminators  with  liquid-N2  and  applica- 
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tion  of  low  noise  head  amplifiers  are  envisaged.  In  addi¬ 
tion,  the  mechanical  distance  between  pickup  electrodes 
is  planned  to  be  reduced  synchronously  to  the  progress  of 
transverse  cooling,  in  order  to  yield  an  optimal  Schottky 
signal. 


Figure  5:  Results  of  stochastic  cooling  experiment  at  ESR 
(see  text). 

The  requirement  of  a  total  cooling  time  of  5  s  for 
antiprotons  is  considered  to  be  feasible  if  the  "state  of  the 
art"  achieved  at  CERN  and  FNAL  is  applied  adequately 
to  the  technical  design  of  the  CR  cooling  system.  For  rare 
isotope  cooling,  the  total  cooling  time  of  0.5  s  seems  to  be 
rather  challenging,  though  the  signal  to  noise  ratio  for 
highly  charged  ions  is  excellent.  Fortunately,  the  results 
of  cooling  experiments  at  the  ESR  with  artificially  heated 
fully  stripped  uranium  ions  at  410  MeV/u  are  quite  prom¬ 
ising  (see  fig.  5).  Cooling  time  constants  of  less  than  1  s 
for  momentum  cooling  and  2  s  for  horizontal  emittance 
cooling  were  obtained  with  about  500  W  total  power  at 
50  Q-kickers  in  the  fi'equency  band  0.9-1.65  GHz. 


Figure  6:  Prototype  of  a  1.27ns-delay  electronically 
switched  in  steps  of  10  ps. 

So  far,  we  believe  that  the  same  pickup  and  kicker  elec¬ 
trodes  can  be  employed  for  both  the  RI  and  the  antiproton 
stochastic  cooling.  Novel  planar  electrodes  (slit  couplers) 
suitable  for  the  relativistic  parameter  y  of  the  beam  parti¬ 
cles,  1.8  for  RI  and  4.2  for  antiprotons,  are  under  devel¬ 
opment.  The  15%  difference  in  the  particle  velocities  has 
to  be  taken  into  account  for  the  signal  combination  as 
well  for  the  electrical  length  adjustment  of  transmission 
lines  and  notch  filters.  Suitable  electronically  switched 
delay  units  are  under  development.  A  prototype  is  seen  in 
Figure  6. 


4  BEAM  ACCUMULATION 

4. 1  Rare  Isotope  Accumulation 

Pre-cooled  rare  isotope  bunches  can  be  transferred  ei¬ 
ther  directly  or  after  deceleration  in  the  RESR  to  a  lower 
specific  energy  to  the  NESR.  If  allowed  by  the  lifetime  of 
nuclei,  die  rare  isotope  beams  may  be  accumulated  in  the 
NESR  by  means  of  RF  stacking  and  electron  cooling. 
This  method  has  been  applied  successfully  for  many  years 
at  the  existing  ESR.  Achievable  stacking  factors  are  pro¬ 
portional  to  the  beam  lifetime  divided  by  the  time  be¬ 
tween  two  subsequent  injections.  If  the  latter  is  assumed 
to  be  about  1  s,  we  may  expect  stacking  factors  that  are 
approximately  equal  to  the  nuclear  decay  time  of  the  ex¬ 
otic  ions  in  the  laboratory  system  (see  table  1).  Hence, 
e.g.  for  '^^Sn,  one  could  accumulate  up  to  2.4xl0’  nuclei 
within  one  minute.  With  an  internal  target  of  4xl0’^  at- 
oms/cm^  and  1  MHz  revolution  frequency  a  luminosity  of 
about  1x10^*  cm  ^s  ’  would  be  available  for  experiments. 

4.2  Antiproton  Accumulation 

After  pre-cooling  in  the  CR,  single  bunches  of  up  to 
lx  10*  antiprotons  are  transferred  every  5  s  to  the  accumu¬ 
lator  ring  RESR,  where  RF  stacking  will  be  combined 
with  stochastic  accumulation.  The  injected  bunch  is  cap¬ 
tured  into  a  first  harmonic  RF  bucket,  moved  towards  the 
tail  of  the  stack  and  de-bunched  there.  The  mmnffntiirti 
cooling  into  the  stack  core  is  made  by  two  or  three  sepa¬ 
rate  pickup  and  kicker  systems.  In  addition,  the  core  of 
the  stack  has  to  be  cooled  all  the  time  in  all  phase  planes. 
About  7xl0'®  antiprotons  per  hour  shall  be  accumulated 
this  way.  The  accumulated  antiproton  beam  is  transferred 
to  SIS  100,  where  it  is  accelerated  to  the  energy  required 
for  the  internal  target  experiment  at  the  HESR.  The  design 
of  the  RESR,  recently  added  to  the  storage  ring  complex, 
is  in  a  very  early  stage.  The  main  motivation  was,  to  have 
a  ring  especially  optimized  for  the  fast  accumulation  of 
antiprotons.  The  lattice  is  under  investigation  and  the  con¬ 
ceptual  design  of  the  stochastic  accumulation  system  has 
just  begun.  We  hope  to  get,  at  least,  some  advise  from 
experts  at  FNAL  and  CERN,  where  similar  requirements 
have  been  fulfilled  many  years  ago. 

5  ELECTRON  COOLING  CONCEPT 

5.1  RI  beams  in  NESR 

Because  of  the  short  lifetime  of  exotic  nuclei  one  has  to 
optimize  stochastic  pre-cooling  in  the  CR  and  final  elec¬ 
tron  cooling  in  the  NESR.  Stochastic  cooling  rates  de¬ 
crease  strongly  when  the  beam  temperatures  approach  a 
certain  lower  limit,  where  the  (wanted)  mking  is  so  slow 
and  the  signal  to  noise  ratio  so  small  that  the  cooling 
process  is  stopped.  Electron  cooling  rates  show  the  oppo¬ 
site  behavior.  They  reach  optimal  values  as  soon  as  the 
longitudinal  and  transverse  beam  temperatures  are  .«!mall 
enough,  i.e.  the  relative  velocities  between  cooling  elec¬ 
trons  and  ions  are  comparable  to  the  mean  electron  veloc¬ 
ity  spread.  The  envisaged  final  beam  parameters  after  pre¬ 
cooling  in  the  CR  (see  table  3)  may  be  considered  as  op- 
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timal  parameters  for  the  subsequent  electron  cooling  in 
the  NESR,  where  electron  cooling  rates  between  1  and 
10  s'*  are  required. 

Main  applications  for  electron  cooling  at  the  NESR  are 

•  fast  accumulation  of  RI  beams, 

•  compensation  for  beam  heating  and  mean  energy 
loss  in  the  internal  target  in  proton  scattering  ex¬ 
periments,  and 

•  formation  of  short  ion  bunches  for  the  collision 
with  electron  bunches  for  electron  scattering  ex¬ 
periments,  including  the  compensation  for  phase 
space  dilution  by  beam-beam  effects. 

Main  parameters  of  the  NESR  electron  cooler  are: 

•  10-450  keV  variable  electron  energy  correspond¬ 
ing  to  electron  cooling  in  the  ion  energy  range  20 
to  800  MeV/u, 

•  up  to  2  A  electron  current  at  a  beam  diameter  of 
25  mm, 

•  <  0.2  eV  transverse  electron  temperature, 

•  about  0.2  T  solenoid  field  in  the  cooling  section 

with  a  straightness  of  <  5x  1 0'^  and 

•  effective  cooler  length  of  4  m. 

The  rather  tight  tolerance  for  the  straightness  of  the  mag¬ 
netic  field  in  the  cooling  section  is  absolutely  necessary  to 
attain  the  envisaged  cooling  rates  ^10  s'*,  especially  at 
high  cooling  energies.  Numerical  simulations  using  dif¬ 
ferent  codes  have  confirmed  this.  Another  result  of  the 
simulations  is  the  necessity  of  sufficiently  high  magnetic 
field  strength,  in  order  to  achieve  the  so-called  magnet¬ 
ized  cooling  delivering  much  higher  cooling  rates  com¬ 
pared  to  non-magnetized  cooling  at  lower  fields.  The 
simulation  results  are  in  fairly  good  agreement  with  ex¬ 
perimental  cooling  results  at  the  ESR  in  a  wide  range  of 
ion  energy  up  to  450  MeV/u. 

5.2  Antiprotons  in  HESR 

Very  similar  to  the  situation  in  the  NESR,  beam  quality 
and  luminosity  in  the  HESR  will  be  determined  by  the 
capability  to  coimteract  beam  heating  caused  by  antipro¬ 
ton-target  interactions  and  by  intra-beam  scattering.  The 
realization  of  the  technical  requirements  that  can  be  de¬ 
rived  from  the  experimental  experience  with  electron 
cooling  at  lower  energies  is  quite  challenging.  As  men¬ 
tioned  above  and  confirmed  by  recently  performed  nu¬ 
merical  simulations  strong  cooling  can  be  achieved  only 
by  magnetized  cooling  requiring  a  strong  longitudinal 
magnetic  field  (fin  >  0.5  T)  that  guides  the  electron  beam 
along  the  entire  interaction  region  of  up  to  30  m  length.  It 
is  evident  that  the  requirements  concerning  the  parallel¬ 
ism  of  the  magnetic  field  (fix/fi||  ^  IxlO"’)  are  even  more 


stringent  than  for  the  NESR  electron  cooler  and  abso¬ 
lutely  mandatory  for  reasonably  high  cooling  rates  (0.1  to 
0.01  s'*),  especially  at  the  highest  antiproton  energies  be¬ 
tween  10  and  14  GeV. 

The  generation  of  a  cold  electron  beam  at  energies  up 
to  8  MeV  (corresponding  to  an  antiproton  energy  of 
14  GeV)  with  an  electron  current  of  up  to  1  A  is  another 
technical  challenge.  If  magnetized  cooling  with  a  maxi¬ 
mum  energy  of  8  MeV  is  required,  two  possible  solutions 
for  the  acceleration  of  the  electrons  are  conceivable:  elec¬ 
trostatic  acceleration  or  linear  RF  accelerator.  Electro¬ 
static  acceleration  certainly  has  the  advantage  of  small 
energy  spread  in  the  electron  beam  compared  to  the  ac¬ 
celeration  by  an  RF  linac.  Moreover,  it  provides  a  con¬ 
tinuous  electron  beam  without  any  time  structure,  which 
would  be  best  suited  for  the  cooling  of  a  coasting  antipro¬ 
ton  beam  in  the  HESR. 

The  acceleration  of  electron  beams  in  commercially 
available  electrostatic  accelerators  might  be  feasible  if  the 
electron  beam  current  can  be  recuperated  with  high  effi¬ 
ciency.  An  electron  current  loss  below  100  p,A  seems  to 
be  acceptable  in  this  type  of  accelerator.  First  experiments 
in  the  framework  of  a  similar  research  program  at 
FNAL/USA  are  promising  [9],  but,  so  far,  the  project  is 
not  focused  to  achieve  the  considerably  higher  cooling 
rates  by  means  of  magnetized  cooling.  The  technical  fea¬ 
sibility  of  magnetized  cooling  in  the  full  energy  range  of 
the  HESR  is  presently  being  studied  in  close  cooperation 
with  BINP  in  Novosibirsk. 
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Abstract 

The  ISAC  Radioactive  Ion  Beams  (RIB)  facility  is 
operational  since  November  1998.  The  facility  utilizes  the 
Isotopic  Separation  On  Line  (ISOL)  method  to  produce 
the  RIB.  The  new  ISAC  facility  at  TRIUMF  utilizes  up  to 
100  i^A  of  proton  at  500  MeV  from  the  existing  H‘ 
cyclotron.  In  2000  the  laboratory  was  approved  to  extend 
the  mass  range  from  60  to  150  and  the  energy  range  from 
1.5  to  6.5  A*MeV. 

At  the  beginning  of  ISAC  operation  the  proton  beam 
intensity  was  limited  1  to  40  ;/A  on  foil  targets  and  to  1  to 
15  //A  on  compound  target.  The  development  of  new  kind 
of  target  allows  us  to  run  routinely  to  50  jtA  even  on 
compound  targets,  such  as  Nb,  Ta,  SiC,  TiC  and  ZrC. 

INTRODUCTION 

The  ISAC  facility  is  described  elsewhere  [1],  it  is  a 
radioactive  ion  beam  (RIB)  facility  that  uses  the  isotope 
separation  on  line  (ISOL)  technique  to  produce 
radioactive  ion  beams  (RIB).  The  ISOL  system  consists  of 
a  primary  production  beam,  a  target/ion  source,  a  mass 
separator,  and  a  separated  beam  transport  system.  These 
systems  together  act  as  the  source  of  radioactive  ion 
beams  to  be  provided  to  the  accelerator  or  the  low-eneigy 
experimental  areas.  We  utilize  the  500  MeV  -  100/<A 
primary  proton  beam  extracted  from  the  H'  cyclotron.  A 
new  beam  line  has  been  built  to  transport  this  beam  to  one 
of  the  two  target  stations  followed  immediately  by  a 
residual  proton  beam  dump. 

A  novel  approach  for  the  target/ion  source  station 
allows  us  to  bombard  the  thick  target  with  unprecedent 
beam  intensity  without  compromising  the  worker  safety. 
The  target/ion  source  assembly  and  heavy  ion  optics 
components  are  located  in  a  shield  canyon  under  2  m  of 
steel  shielding  allowing  high  proton  beam  intensity  on 
thick  target. 

Existing  foil  targets  can  accommodate  up  to  40  /lA 
beam  intensities  and  the  available  intensities  of  many 
radionuclides  can  be  expected  to  scale  with  the  proton 
beam  currents.  But,  production  targets  capable  of 
withstanding  proton  beam  intensities  up  to  100  ft  A 
without  compromising  the  radionuclide  yield  and  the 
lifetime  of  the  target  is  a  challenge.  Several  approaches  to 
the  dissipation  of  the  power  in  such  targets  have  been 
investigated  and  a  realistic  solution  for  the  removal  of  the 
heat  from  the  target  container  is  proposed. 

However,  for  composite  target  the  heat  transfer  within 
the  target  material  itself  is  highly  target  dependent.  We 
start  investigating  the  coating  of  target  material  with 
highly  conductive  carbon  foil.  First  tests  with  SiC,  TiC 
and  ZrC  show  that  we  can  operates  up  to  50  //A  proton 


beam  intensity  for  period  greater  than  10  weeks  without 
compromising  the  yield  significantly.  A  new  target 
equipped  with  radial  fins  was  built  and  tested  off-line. 

We  recognize  that  target  and  ion  source  development  is 
sometime  a  long  process.  It  interferes  with  the  science 
program  since  we  use  the  same  target  station.  It  is  propose 
for  the  next  5-year  plan  to  built  a  dedicated  target  station 
for  target/  ion  source  development. 

ISOL  METHOD 

The  ISOL  method  is  well  described  in  Ref.  [1]  and 
reference  therein,  we  will  just  give  the  basic  principles 
that  guide  the  release  of  radioactive  atoms  from  a  thick 
target  in  order  to  understand  the  issues  we  are  facing.  In 
the  ISOL  method  a  light,  energetic  beam  bombards  a  high 
Z  target  material.  The  radiogenic  elements  produced  in 
the  collisions  are  stop  into  the  target  material  matrix.  As 
we  can  see  the  resulting  amount  of  radiogenic  elements 
are  in  minute  quantity  with  respect  to  the  bulk  of  the 
target  material.  The  yield  of  the  wanted  specie  can  be 
expressed  as  follow: 

Yieldg  s)  =  oOp  (1) 

Where  a  is  the  reaction  cross-section,  $p  the  proton 
flux,  /V,  the  number  of  target  nuclei.  The  maximum 
possible  rate  is  attenuated  by  the  efficiencies  e  of  product 
diffusion,  effusion,  ionization  and  transport  respectively. 

The  release  of  the  exotic  atoms  from  the  target  to  the 
ion  source  can  be  view  as  two  different  processes,  1)  the 
diffusion  inside  the  crystal  to  the  surface  of  the  grain  or 
foil,  2)  the  effusion  from  place  to  place  until  the  atom 
reaches  the  ion  source  opening.  The  two  processes  can  be 
expressed  fairly  well  using  the  Fick’s  laws  and  are  well 
described  by  Kirchner  [2].  The  physics  program  interested 
in  using  radioactive  ion  beams  is  mainly  interested  by 
nucleus  far  from  stability,  where  in  general  the  half-life  is 
quite  short,  few  ms  to  s.  To  obtain  an  efficient  release  of 
those  short-lived  nuclei  we  usually  operated  the  target  at 
high  temperature. 

Diffusion  Process 

Solid  state  diffusion  is  driven  by  the  concentration 
gradient  of  impurities  or  vacancies.  Fick’s  equation 
describes  well  this  mechanism. 

dn 

—  =  DV^n-nX,  (2) 

at 

where,  D  is  the  diffusion  coefficient,  which  varies  with 
the  temperature  and  the  activation  energy.  It  can  be 
expressed  as  follow, 

D=  (3) 
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The  activation  energy  is  the  energy  that  must  be 
supplied  to  the  atom  through  the  lattice  to  enable  the  atom 
to  move  from  site  to  site.  The  diffusion  coefficient  Do 
depends  on  the  vibration  frequency  and  lattice  parameters. 
The  release  efficiency  can  be  found  by  solving  equation 

2. 


A  =  ln2/r,,,. 

where,  X  =  In2/Ti^,  T,q  is  the  half-live  of  the  nuclei, 
fto  =  3t^D/d,  d  is  related  to  the  grain  size  or  foil 
thickness. 


Effusion  process 


Once  the  atom  has  diffused  and  reach  the  surface  of  the 
granule  or  foil  the  next  step  is  governed  by  the  effusion 
process,  which  is  the  equivalent  of  the  evacuation  of  a 
volume  through  an  orifice.  This  process  depends  on  the 
following  parameters: 

1)  the  mean  number  of  collision  with  the  target  material 
surface  and  container  walls, 

2)  the  mean  sticking  time  per  collision,  which  depends 
on  the  temperature  and  absorption  enthalpy  AH^. 

3)  the  mean  flight  time  between  collision,  which 
depend  on  the  mass,  temperature  and  target  geometry. 

This  process  can  be  described  using  an  exponential 
time  dependence  with  a  time  constant  v. 

Vv=  X(t,+T/),  (5) 


where,  is  the  mean  sticking  time  and  t,  is  the  mean 
flight  time  between  collision.  The  mean  sticking  time  is 
given  by  the  Frenkel  equation 


r  -  T 

•'a  ~  ‘■0'^  > 


(6) 


where  is  the  absorption  enthalpy,  T  the  temperature 
and  To  is  the  lattice  vibration  period.  depends  on  the 
chemistry  between  the  atoms  of  interest  and  the  target 
material. 


The  effusion  efficiency  is  expressed  by 
e^=vl{v+X).  (7) 

From  equations  3  and  6  we  can  optimize  the  target  in 
order  to  improve  the  release  of  a  specific  atom.  We  can 
select  the  target  material  with  the  minimal  grain  or  foil 
size  that  can  be  made.  Selection  of  a  target  material  that 
can  operate  at  ultra  high  temperature  will  increase  the 
diffusion  and  the  effusion  release.  The  choice  of  the 
couple,  target  material-nuclei  of  interest  can  be  extremely 
beneficial  by  selecting  a  material,  which  has  the  lowest 
absorption  enthalpy.  Keeping  the  volume  and  thus  the 
surface  as  small  as  possible  will  improve  the  release  of 
short-lived  nuclei  by  reducing  the  number  of  collision. 


HOW  TO  IMPROVE  THE  YIELD? 

Once  the  target  operates  at  it  maximum  temperature  to 
increase  RIB  intensity  we  can  play  with  the  other  two 
available  parameters:  target  thickness,  N,  and  the  incident 
proton  flux.  Op.  Unfortunately,  there  very  little  gain  by 


increasing  the  target  thickness.  The  effusion  process, 
which  depends  mainly  on  the  number  of  collision  shows 
that  an  increase  in  volume  will  result  in  a  larger  number 
of  collision.  The  short-lived  nuclei  produced  far  from  the 
evacuation  hole  in  the  target  container  will  decay  before 
reaching  the  orifice.  Furthermore,  the  one  produced  close 
to  the  evacuation  hole  can  effuse  away  and  never  reach 
the  orifice.  There  is  a  definite  advantage  to  keep  the  target 
as  short  as  possible  for  the  short-lived  nuclei  of  interest. 

By  increasing  the  flux  of  incident  particle  we  can  hope 
that  the  yield  of  a  specific  nuclei  will  increase  linearly 
with  the  beam  intensity.  At  ISAC  we  have  observed  that 
in  fact  the  yield  of  ^‘*Rb  and  “Li  increase  faster  than  the 
linear  proton  beam  increase.  Figure  1  and  2  show  the 
resulting  RIB  intensities  as  a  function  of  proton  intensity. 
The  non-linear  increase  may  due  to  radiation  diffusion 
enhancement  mechanisms. 


’*Rb  Yield  vs  p’  Current  {Nb  foils  H.Sg/cm*) 
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Figure  1:  Yield  of  ^‘'Rb  as  a  function  of  the  incident 
proton  beam.  Curves  show  the  projected  yield 
expectations  from  proton  flux  dependences  of  4>p,  and 
applied  to  the  8  pA  yield. 


P*  CpA)  . 


Figure  2:  Yield  of  “Li  as  function  of  the  incident  proton 
beam.  Curves  show  the  projected  yield  expectations  from 
proton  flux  dependences  of  3>p,  $’''^and  applied  to  the 
15  pA  yield. 
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Radionuclide  Yield  Enhancements 

Since  the  first  ISAC  target  operated  at  the  10  p,A 
level,  nonlinear  increases  of  both  total  extracted  ion 
current  and  yields  of  specific  radionuclides  have  been 
observed,  [3],  Originally,  the  nonlinear  enhancement  was 
attributed  to  faster  product  diffusion  resulting  from  a 
rising  central  target  temperature;  up  to  the  10  pA  level,  no 
power  balancing  was  performed.  With  target  iiradiations 
above  10  pA  levels,  the  Joule  heating  of  targets  was 
reduced  to  balance  the  beam  power.  Initial  expectations 
were,  that  with  a  successful  balance,  the  yields  would 
begin  to  show  the  expected  linear  dependence  on  proton 
flux.  Contrary  to  expectations,  the  observed  yields 
continued  to  display  nonlinear  enhancements  with 
increasing  beam  flux.  Furthermore,  yields  of  ’‘‘Rb  from 
the  first  niobium  foil  target  operated  with  20  pA  of  proton 
beam  appeared  to  be  essentially  independent  of  applied 
resistive  heating  at  the  maximum  proton  beam  current. 

From  equation  1)  we  can  say  that  a  nonlinear  relation  of 
yield  to  (iJp)  likely  results  from  effects  buried  in  one  of 
the  efficiency  terms.  Increased  diffusion  resulting  from 
radiation  effects  in  materials  is  well  known  and  the 
kinetics  of  radiation  enhanced  diffusion  under  steady  state 
equilibrium  bombardment  conditions  have  been  described 
in  reviews  by  Dienes  &  Damask  [4]  and  Sizeman  [5]. 
Under  steady  irradiation  conditions,  lattice  defects  in  the 
form  of  vacancies  and  interstitial  atoms  (Frenkel  pairs) 
are  continuously  produced  in  the  target  matrix.  Diffusion 
is  enhanced  by  increased  concentrations  of  such  defects. 
The  defects  are  mobile  and  can  diffuse  and  anneal  by 
different  mechanisms,  either  by  diffusing  to  “sinks”  in  the 
host  lattice  (such  as  dislocations  or  the  matrix  surface)  or 
by  direct  recombination  of  vacancy  and  interstitial  pairs. 

At  high  temperatures,  the  diffusion  enhancement  has  a 
dependence  for  the  recombinant  annealing 
mechanism,  while  the  “sink”  annealing  mechanism  has  a 
linear  ®p  dependence.  Combined  with  the  basic  linear  <l>p 
dependence  for  production,  the  two  cases  should  display 
overall  correlations  to  4>p^'^  (recombination)  and  <I>p^ 
(sink).  At  ISAC,  radiation  enhanced  diffusion  effects 
have  been  observed  with  both  metal  foil  and  carbide 
targets. 

Figure  1  and  2  show  the  yield  of ’“'Rb  and  "Li  from  Nb 
and  Ta  foil  target,  respectively.  These  plots  show  a  clear 
indication  of  the  non-linearity  of  the  resulting  yield  as  a 
function  of  the  proton  beam  intensity. 

HIGH  POWER  TARGETS 

In  the  Isotope  Separation  On  Line  (ISOL)  method  the 
element  of  interest  are  created  during  the  collision  of  the 
proton  beam  with  a  target  nucleus.  The  products  are 
stopped  into  the  target  material.  The  target  material  is 
normally  kept  at  high  temperature  (~2000  °C)  in  order  to 
speed  the  diffusion  of  the  exotic  atoms  inside  the  target 
material  to  the  surface  from  which  they  desorbed.  Then 


the  exotic  atoms  effuse  to  the  transfer  tube  and  the  ion 
source. 

Figure  3  shows  a  photograph  of  the  actual  ISAC  target. 
The  long  cylinder  is  the  oven  and  contains  the  target 
material.  It  is  resistively  heated  by  passing  up  to  800 
Amperes  in  the  leads  that  we  see  at  both  ends.  The 
radioactive  atoms  are  transferred  to  the  ion  source  by  the 
transfer  tube  that  sticks  up  perpendicularly  to  the  target 
tube. 


Figure  3  :  The  ISAC  target  is  composed  of  a  Ta  target 
container  and  a  reentrant  transfer  tube.  The  black  disk  is 
used  as  a  scale;  it  is  3  inches  in  diameter  by  1  inch  thick. 

The  current  passing  though  the  target  is  adjusted 
depending  to  the  target  material  vapor  pressure,  and  the 
proton  beam  intensity.  The  idea  is  to  keep  the  centre  of  the 
material  at  a  safe  temperature.  When  we  are  running  at 
low  proton  intensity  a  power  supply  (10  V,  1000  A.) 
provides  the  thermal  heating  in  order  to  speed  the  release 
of  radioactive  atoms  to  the  ion  source.  In  the  current 
design  we  are  limited  to  proton  beam  intensity  lower  than 
40  to  50  ]iK.  The  main  reason  being  that  is  the  amount  of 
power  those  targets  can  radiate  at  the  operating 
temperature.  In  order  to  go  beyond  this  limit  we  need  to 
modify  the  target.  Several  groups  had  worked  and  are 
working  on  the  subject.  Even  though,  this  is  not  a  review 
we  will  look  at  the  most  significant  achievements  in  the 
field. 

High  Power  Target  development 

The  ISOL  target  is  quite  different  from  any  other  high 
power  target  such  as,  neutron  spallation  or  projectile 
fragmentation  targets.  To  obtain  the  best  release  efficiency 
the  target  has  to  be  uniformly  heated  to  temperature 
around  1500“  C  to  2200“  C. 

The  main  issue  is  to  provide  enough  cooling  to  operate 
the  target  at  a  safe  limit.  Too  much  heat  will  evaporate  the 
target  material.  Too  much  cooling  will  impair  the  release 
of  exotic  atom  of  interest.  They  will  condensate  on  the 
cold  region  and  decay  before  they  can  reach  the  ion 
source.  The  trick  will  be  to  design  a  target  that  can 
withstand  for  long  period  of  beam  bombardment  at  high 
power  and  provide  a  quick  release  of  short-lived  exotic 
atoms. 
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In  1987  Eaton  et  al.  [6]  had  proposed  a  concept  for  a 
high  power  ISOL  target  based  on  the  600  MeV-100  /lA 
SC.  The  power  deposition  in  the  target  varies  from  3  kW 
for  light  Z  target  to  37  kW  for  Ta  target.  For  actinide 
targets  an  extra  34  W/jtA  was  added  to  take  into  account 
the  energy  deposition  due  to  fission  products.  The  cooling 
was  done  by  enhanced  radiation  cooling  using  four 
longitudinal  fins  for  the  low  power-target.  For  the  high- 
power  target  it  was  done  by  enhanced  radiation 
conducting  cooling.  The  calculation  shows  that  it  will  be 
difficult  to  take  advantage  of  the  full  100  pi  A  using  these 
schemes.  For  example,  the  Ta  foil  target  using  both 
enhanced  radiation  and  conductive  cooling  will  only 
support  84%  of  a  full  100  ptA.  Such  target  was  never 
tested  on-line  with  intense  proton  beam. 

In  1992  Talbert  et  al.  [7]  proposed  a  new  approach 
based  on  the  addition  of  an  annular  gap  between  the  target 
container  and  a  water-cooled  jacket  or  a  heat  pipe. 

In  1994  the  RIST  project  [8,9]  proposed  the 
development  of  a  Ta  foil  target  that  will  take  advantage  of 
the  800  MeV-100  piA  beam  from  the  RAL,  UK.  The  RIST 
target  was  developed  and  tested  off-line  and  on-line  [10]. 
The  target  is  a  tube  4  cm  in  diameter  and  20  cm  long.  It  is 
filled  with  25  pirn  thick  Ta  foils.  The  target  was  designed 
for  power  dissipation  of  25  kW.  The  radiative  power  is 
absorbed  in  a  water-cooled  copper  jacket.  The  target  is 
composed  from  about  6000  discs  and  washers.  These 
discs  and  washers  are  diffusion  bounded  together  to  form 
a  tube.  They  measured  an  emissivity  between  0,7  and  0,8. 

Unfortunately,  the  test  with  proton  beam  never  took 
place,  instead  the  target  was  move  to  ISOLDE  where  it 
was  operated  using  the  2  piA  proton  beam  from  the  PS 
booster  [11]. 

The  RIST  approach  can  only  be  applicable  to  foil-target 
which,  can  be  made  by  diffusion  bounding.  It  limits 
severely  the  use  of  such  target  for  specific  beam.  This 
approach  eliminates  most  of  the  potential  target  material 
such  as  refractory  oxides  or  carbides. 

At  IS  AC  we  have  developed  a  fin  target  [12]  that  can 
dissipated  25  kW  of  beam  power.  Instead  of  building  a 
target  using  the  diffusion  bounded  technique  we  then 
considered  adding  radial  fins  to  a  Ta  tube.  The  fins  are  55 
by  55  mm  cut  out  from  a  Ta  foil  sheet  380  pirn  thick.  An 
undersized  hole  is  punched  in  the  centre  and  extruded 
using  a  conical  shaped  tool  to  the  tube  diameter.  Then  the 
fins  are  installed  onto  the  tube  from  each  side  of  the 
central  block.  Once  the  fins  are  installed  we  used  a  special 
tool  to  expand  the  Ta  tube  in  order  to  improve  the  contact 
between  the  tube  and  the  fins.  We  observed  an 
improvement  by  a  factor  three  in  the  resistance  across  the 
contact  area.  Contrary  to  the  RIST  target  the  fins  are 
added  onto  the  target  container.  This  allows  us  to  insert 
any  type  of  target  inside  at  the  condition  that  the  heat  can 
be  transferred  from  the  target  material  to  the  target 
container  wall. 

Figure  4  shows  a  photograph  of  the  fined  target.  The 
fins  are  55  by  55  mm  cut  out  from  a  Ta  foil  sheet  380  ptm 
thick.  An  undersized  hole  is  punched  in  the  centre  and 
extruded  using  a  conical  shaped  tool  to  the  tube  diameter. 


Then  the  fins  are  installed  onto  the  tube  from  each  side  of 
the  central  block.  Once  the  fins  are  installed  we  used  a 
special  tool  to  expand  the  Ta  tube  in  order  to  improve  the 
contact  between  the  tube  and  the  fins.  We  observed  an 
improvement  by  a  factor  three  in  the  resistance  across  the 
contact  area.  The  initial  test  shows  that  an  emissivity  of 
0.92  is  feasible  [12], 


Figure  4  :  ISAC  fined  target.  It  is  the  same  target  as 
shown  in  figure  2  onto  which  we  have  installed  the  fins. 

TEST  STATION  FOR  HIGH  POWER 
TARGET 

Before  going  on-line  with  such  a  target  we  need  to  test 
the  concept  off-line  using  the  same  amount  of  power.  An 
electron  beam  heating  system  has  been  developed  to  test 
the  target  behavior  under  such  conditions.  A  W  filament 
running  along  the  target  axis  is  heated  to  several  thousand 
degrees  and  produces  the  electrons,  which  are  accelerated 
toward  the  target  container.  The  filament  is  biased  using  a 
1.5  kV-  40  Amperes  power  supply. 

The  present  ISAC  facility  at  TRIUMF  is  fed  by  one 
beam  line,  beamline  2A  that  can  direct  beam  to  one  of  the 
two  target  stations.  One  of  these  targets  has  been  in  use 
since  ISAC  was  commissioned;  the  second  one  is 
currently  being  commissioned.  The  numbers  of  proposals 
for  ISAC  experiments  are  such  that  we  feel  the  need  to 
deliver  more  simultaneous  RIB  to  experiments.  A 
proposal  has  been  made  for  another  beamline  to  ISAC  so 
as  to  make  additional  beams  available.  Through  partial 
extraction  by  H-  stripping,  this  proposed  line  would 
extract  a  450-500  MeV  beam  from  extraction  port  4  of  the 
TRIUMF  cyclotron.  A  fast  switching  system  would  be 
used  to  feed  an  additional  two  target  stations  each  of  them 
equipped  with  its  own  mass  separator  system.  These  new 
target  stations  will  allow  target  and  ions  sources 
development  and  also  allow  at  least  three  simultaneous 
experiments  at  ISAC  [13]. 

The  actual  ISAC  facility  comprises  two  target  stations. 
They  share  the  same  proton  and  the  same  mass  separator. 
We  can  swap  from  one  to  the  other  by  reversing  the 
magnetic  field  in  the  Y  magnet  in  beam  line  2A.  This 
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mode  of  operation  does  not  permit  target  and  new  ion 
beam  development  and  deliver  RIB  to  experiments  at  the 
same  time. 

Development  of  new  RIB  is  crucial  since  each  element 
can  take  up  to  2  years  before  they  can  be  delivered  to 
experiments.  On  the  other  hand  ion  sources  development 
in  the  harsh  environment  of  the  target  is  even  more 
crucial. 

In  order  to  allow  targets  and  ion  sources  development 
for  the  future  program  at  ISAC  we  are  planning  to  build 
new  target  stations  on  the  new  beam  line  4.  The  actual 
target  hall  will  be  expanded  to  the  west  to  include  room 
for  the  two  new  target  stations.  The  idea  is  to  use  as  much 
the  actual  infrastructure  we  have  developed  over  the  last 
10  years  for  the  remote  handling,  nuclear  ventilation, 
waste  storage,  etc.  Furthermore,  the  new  target  station 
will  use  the  same  technology  we  have  successfully 
developed  for  our  actual  RIB  operation.  Figure  5  shows  a 
layout  of  the  actual  and  proposed  target  stations.  Each  of 
the  new  stations  will  have  its  own  mass  separator  in  order 
to  be  able  to  switch  from  development  work  to  RIB 
delivery  in  a  very  short  delay. 

Eventually,  we  will  be  able  to  deliver  more  beams  by 
the  addition  of  a  new  switchyard  in  the  diagnostic  box 
like  the  ISOLDE  GPS  design  [14].  This  design  allows  the 
selection  of  three  ion  beams  within  the  mass  range  of  ± 
15%  from  the  central  ray.  This  setup  will  eventually  allow 
us  to  serve  three  experiments  at  the  same  time. 

DISCUSSION  AND  CONCLUSION 

We  have  developed  a  fined  target  that  can  dissipate  up 
to  25  kW  of  beam  power.  The  production  of  a  specific 
exotic  nucleus  depends  greatly  on  the  target  nucleus. 
There  is  no  universal  target  material  that  will  produce 
intense  beam  of  all  elements.  Contrary  to  the  RIST  target 
technology  where  the  target  is  made  from  disk  and  washer 
of  Ta  foil  we  added  the  fins  onto  the  target  container  tube. 
This  allows  us  to  use  a  large  variety  of  different  target 
material.  Foil  target  materials  are  inserted  into  the  tube 
and  when  the  entire  target  material  and  container  are  at 
high  temperature  a  bound  is  form  between  the  foil  and  the 
wall  of  the  container.  For  compound  target  we  have 
developed  a  technique  that  allow  us  to  back  carbide 
targets  material  onto  a  carbon  sheet.  The  carbon  sheet  has 
a  high  thermal  conduction  in  the  transverse  plane.  The 
high  conductivity  of  the  carbon  allows  the  release  of  the 
heat  to  the  target  container. 
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TRANSMISSION  OF  MUONS  IN  AN  ALTERNATING  GRADIENT 

TUNNELING  SYSTEM 

R  Lemuet  and  F.  Meot,  CEA/DAPNIA 
B.  Autin  and  A.  Verdier,  CERN 


Abstract 

One  important  issue  in  a  neutrino  factory  is  the  target 
system  for  pion  production.  The  A.G.  funneling  system 
addressed  here  consists  of  four  horns,  with  1  MW  target 
per  horn,  followed  by  a  recombination  A.G.  channel  and 
a  FODO  decay  channel.  The  transmission  of  this  scheme 
is  analyzed  in  detail.  It  is  compared  with  that  of  a  simple 
solenoid  for  several  sets  of  optics  parameters.  This  study 
makes  it  possible  to  gain  in  transmission  efficiency  in  com¬ 
parison  with  earlier  proposals. 


INTRODUCTION 

This  paper  reports  on  optimization  studies  concerning  a 
muon  production  channel  based  on  alternating  gradient  fo¬ 
cusing.  The  system  has  been  proposed  some  years  ago  [1] 
and  underwent  several  design  changes  to  improve  the  col¬ 
lection  efficiency. 

The  latter  is  defined  for  a  given  beam  emittance  as  the 
ratio  between  the  number  of  muons  that  make  it  to  the  end 
of  the  channel  in  that  emittance  and  the  number  of  protons 
on  the  target. 

We  first  describe  the  channel  which  is  an  evolution  of  the 
scheme  proposed  in  [1].  Then  the  efficiency  optimisation  is 
described  and  compared  with  standard  schemes  using  high 
field  solenoids. 


AG  CHANNEL  OPTICS 

The  system  features  an  ensemble  of  four  horns  placed 
close  to  each  other  and  an  alternating  gradient  matching 
section  which  steers  the  four  beams  into  the  FODO  chan¬ 
nel.  The  advantages  of  this  system  have  been  described 
in  [2] :  the  life  of  the  horn  is  lengthened  and  the  power  on 
the  target  is  reduced  by  four,  which  makes  the  target  feasi¬ 
ble  according  to  studies  done  for  spallation  sources. 

The  optics  functions  in  the  matching  section,  computed 
with  MAD  [3],  are  shown  on  fig.  1.  The  curve  labelled 
X  represents  the  trajectory  of  the  beam  centroid.  At  the 
exit  of  the  horn  (top  left  in  fig.  1),  this  trajectory  makes  an 
angle  of  about  0.1  rad  with  the  axis  of  the  system.  This 
axis  is  conunon  both  to  the  matching  section  and  the  decay 
channel.  Consequently  the  primary  beam  with  an  energy 
much  higher  than  that  of  the  pions  goes  practically  straight 
and  can  be  extracted  in  a  dump  placed  at  the  entrance  of  the 
FODO  channel. 

The  optics  functions  in  the  latter  are  a  periodic  continu¬ 
ation  of  the  last  oscillations  shown  on  the  right  of  fig.  1. 


Figure  1:  Optics  functions  of  in  the  funneling  section. 

An  important  feature  of  the  matching  section  is  that  the 
dispersion  (not  shown  on  fig.  1)  is  matched  to  zero  at  its 
end,  i.e.  it  constitutes  a  first  order  achromat.  The  maximum 
amplitude  of  the  dispersion  is  of  the  order  of  10  cm. 

The  edge  fields  of  the  quadrupoles  have  been  taken  into 
account  in  the  matching.  The  angle  d  the  beam  centroid  tra¬ 
jectory  makes  with  the  ends  of  the  quadrupoles  at  position 
X  in  the  horizontal  plane  introduces  a  thin  quadrupole  of  fo¬ 
cal  length  6xk  in  the  vertical  plane,  k  being  the  normalised 
gradient  of  the  quadrupole.  Consequently  the  MAD  match¬ 
ing  procedure  has  to  be  iterative  as  a  change  of  the  gradi¬ 
ents  causes  a  change  of  the  trajectory. 

It  has  been  checked  with  a  numerical  integration  of  the 
trajectory,  using  the  code  ZGOUBI  [4],  that  this  approach 
is  accurate  enough.  The  maximum  residual  amplitude  of 
the  centroid  trajectory  in  the  FODO  channel  obtained  this 
way,  is  of  the  order  of  1mm  (instead  of  zero  as  on  fig.  1), 
i.e.  negligible  compared  with  the  apertures  of  the  system. 

The  efficiency  of  muon  transmission  has  been  estimated 
by  tracking  trajectories  also  with  ZGOUBI  (detailed  exam¬ 
ples  can  be  found  in  ref.  [2]). 

Aperture  limitations  along  the  FODO  decay  channel 
cause  only  weak  pion  losses  if  the  aperture  radius  is  larger 
than  about  0.3  m.  Muons  losses  concern  predominantly 
low  energy  particles  [5] ;  because  of  the  emittance  induced 
by  the  pion  decay,  the  aperture  radius  has  to  be  at  least 
0.4  m  in  order  to  minimize  the  muon  losses.  In  the  match¬ 
ing  section  the  aperture  has  to  be  0.6  m  at  entrance  and  can 
be  reduced  at  exit. 

It  is  important  to  recall  that  these  aperture  radii  are  asso¬ 
ciated  with  an  emittance  of  0.01  tt  m.  Should  a  larger  emit¬ 
tance  be  transmitted,  apertures  would  have  to  scale  with  the 
square  root  of  the  emittance.  This  shows  clearly  the  limits 
of  the  system  which  cannot  be  used  for  a  muon  collider  in 
its  present  status. 
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PION  DISTRIBUTION 

The  efficiency  of  the  channel  has  been  assessed  by  track¬ 
ing  the  trajectories  of  40000  pions  pertaining  to  a  realistic 
distribution  [6],  The  eoordinates  of  these  pions  were  ob¬ 
tained  by  traeking  10®  protons  on  the  target  with  the  simu¬ 
lation  program  MARS  [7]. 

The  pion  distribution  in  energy  at  the  exit  of  the  horn 
is  shown  on  fig.  2.  The  pions  are  considered  to  start  all 
at  the  same  time  as  the  time  dilation  of  the  muon  beam  is 
mainly  due  to  the  speed  distribution  and  the  length  of  the 
decay  channel.  The  distribution  in  the  transverse  horizon¬ 
tal  phase  space  (for  the  vertical  plane  it  is  similar)  is  shown 
on  fig.  3.  This  beam  has  been  tracked  through  both  the  AG 
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surface,  referred  to  as  emittance,  in  each  plane,  which  im¬ 
plies  that  there  is  a  sort  of  “global  matching”  such  that  all 
particles  in  the  ellipse  will  stay  in  its  transforms  when  the 
beam  continues  downstream  whatever  their  energy. 


Figure  4:  Matching  optimum  ellipses  with  surfaces 
0.1,  0.5,  1  and  2  it  eV.s  for  the  case  of  the  solenoid  chan¬ 
nel.  (D)  is  the  from  the  correlation  matrix. 


Figure  2:  Energy  distribution  of  the  pions  at  the  exit  of  the 
horn  (beginning  of  the  decay  channel). 

channel  and  a  solenoid  channel  for  the  sake  of  comparison. 
Both  systems  have  the  same  0.4  m  radius  aperture  restric¬ 
tion  (apart  from  the  AG  channel  matching  section  that  must 
have  a  larger  aperture  as  stressed  earlier). 

EFFICIENCY 

The  collection  efficiency  of  the  AG  channel  has  to  be  de¬ 
fined  for  a  given  6D  emittance,  because  the  muons  have  to 
be  accelerated  and  stored  in  machines  with  a  given  accep¬ 
tance.  The  efficiency  is  defined  as  the  ratio  between  the 
number  of  muons  counted  at  the  exit  of  the  channel  and  the 
total  number  of  muons  at  its  entrance,  i.e.  40000  in  our 
case.  In  fact  this  concept  is  less  clear  than  it  seems  because 
of  the  large  energy  spread  in  the  beam.  For  this  reason  it 
cannot  be  admitted  that  the  optics  of  the  subsequent  ma¬ 
chine  vary  little  with  the  momentum  deviation  in  the  beam. 
Nevertheless  the  particles  are  counted  in  ellipses  of  a  given 


Figure  3:  Distribution  of  the  pions  in  the  transverse  phase 
space  at  the  exit  of  the  horn  (beginning  of  the  decay  chaii- 
nel).  The  distribution  is  tilted  (a  ^  0). 


In  the  longitudinal  plane  there  is  some  difficulty  to  find 
the  optimum  ellipse.  If  the  optics  functions  are  computed 
with  the  correlation  matrix,  it  does  not  provide  the  optimum 
because  of  the  shape  of  the  longitudinal  distribution  which 
is  far  from  elliptical.  This  is  particularly  true  for  the  case 
of  the  solenoid  where  large  distribution  tails  extend  along 
each  coordinate  axis.  Consequently  the  strategy  consists  of 
finding,  for  a  given  acceptance  ei/n ,  the  position  and  form 
that  yield  the  largest  number  of  particles  within  the  fron¬ 
tier.  This  is  performed  with  a  matching  procedure,  with 
variables  the  ellipse  parameters  and  its  position,  and  with 
sole  constraint  the  maximum  counting  within  the  ellipse. 
Depending  on  the  surface,  the  so  determined  optimum  el¬ 
lipse  will  have  a  different  shape,  position  and  orientation  as 
shown  on  fig.  4. 

A  similar  procedure  is  applied  to  match  the  transverse 
admittance  at  channel  exit,  given  a  limit  acceptance  ex\zlTT. 

The  variation  of  the  efficiencies  of  both  the  AG  and 
the  solenoid  channel  with  the  longitudinal  acceptance  are 
shown  on  fig.  5  for  the  case  where  the  funneling  section 
is  matched  for  an  upright  ellipse  (a  =0  in  both  planes  at 
the  entrance  of  the  section).  Two  ranges  of  field  values 
are  considered  in  the  AG  magnets  :  either  regular  values 
as  available  from  conventional  warm  technology,  or  twice 
that  field  integral  which  has  the  merit  of  giving  optimised 
transmission.  The  AG  channel  shows  in  a  general  man¬ 
ner  better  transmission  than  the  solenoid  (the  field  value  in 
latter  has  also  been  optimised  for  maximum  transmission). 
We  notice  that  the  efficiency  varies  only  slowly  with  the 
longitudinal  emittance  when  the  latter  is  larger  than  1  eV.s. 
This  is  a  practical  optimum  longitudinal  emittance  which 
has  to  be  considered  for  subsequent  acceleration,  whether 
there  is  cooling  or  not. 
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Figure  5:  Efficiency  of  the  AG  channel  versus  longitudi¬ 
nal  emittance  ei/rr  (eV.s)  for  values  of  transverse  emittance 
c^.z/^r  =  1  cm  and  4  cm.  The  solenoid  case  is  also  shown 
for  comparison. 

PARAMETRIC  STUDIES 

The  variation  of  two  parameters  has  been  investigated, 
namely  the  value  of  a  at  the  entrance  of  the  fimneling  sec¬ 
tion  and  the  value  of  the  central  energy  of  the  particles. 

It  is  clear  on  fig.  3  that  the  phase  space  ellipse  is  not 
upright.  From  an  ellipse  fit,  we  can  infer  that  a  is  about 
-2.  The  funneling  section  has  been  re-matched  accordingly 
for  a  value  of  a  of  -1.  The  transmission  is  then  worse. 
Then  it  has  been  re-matched  for  a  value  of  a  of  +0.5  and 
the  transmission  is  better.  In  order  to  understand  this  it  is 
important  to  keep  in  mind  that  the  distribution  shown  on 
fig.  3  concerns  particles  with  a  large  momentum  spread. 
Therefore  it  is  not  obvious  to  know  from  this  distribution 
to  which  value  of  a  the  section  has  to  be  matched. 

A  similar  remark  applies  to  the  value  of  the  reference 
momentum  of  the  distribution  for  which  the  matching  is 
done.  The  average  momentum  of  the  particles  varies  along 
the  line  as  shown  on  fig.  6.  There  seems  to  be  a  ten¬ 
dency  that  the  transmission  efficiency  is  improved  when 


dp/p  va.  s  (B) 


Figure  6:  Average  momentum  of  the  tt,  /r  and  tt  -|-  beams 
as  a  function  of  their  position  along  the  decay  channel, 
from  Monte  Carlo.  Solid  lines  are  theoretical,  in  the  loss- 
free  case  [5]. 


the  quadrupole  gradients  follow  the  average  muon  momen¬ 
tum,  so  that  the  beam  experiences  a  constant  focusing.  This 
is  the  subject  of  studies  being  carried  on  presently. 

CONCLUSION 

The  transmission  efficiency  of  the  AG  funneling  system 
has  been  evaluated  for  a  realistic  pion  distribution  and  their 
subsequent  decay  muons.  For  small  transverse  emittance 
of  about  0.0l7rrad.m,  the  AG  funneling  channel  is  more 
efficient  than  the  pure  solenoid  decay  channel  with  a  trans¬ 
mission  of  about  5%  for  a  longitudinal  emittance  of  about 
1  eV.s.  As  there  is  about  0.04  pion  per  p.o.t.,  this  system 
produces  2.2x10^^  muons  per  second  for  1  MW  on  each  of 
the  four  targets  (a  total  of  l.lxlO^^p/s).  This  is  below  the 
nominal  parameters  of  the  neutrino  factory  only  by  a  factor 
of  four. 

Maximised  transmission  in  the  AG  is  obtained  with 
about  twice  higher  magnet  field  integrals,  which  may  raise 
such  concern  as  larger  betatron  functions  detrimental  to  de¬ 
cay  induced  transverse  emittance  increase,  or  as  the  feasi¬ 
bility  of  higher  field  magnets,  issues  still  to  be  investigated 
fiirther. 

This  system  can  then  be  considered  as  a  doable  proposal 
if  the  subsequent  acceleration  system  can  accommodate  the 
emittances. 
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RF  SUPERCONDUCTIVITY: 

ENABLING  TECHNOLOGY  FOR  THE  FUTURE 

H.  Edwards^,  FNAL,  Batavia,  IL  60510,  USA,  and  DESY,  Hamburg,  Germany 


Abstract 

It  has  been  my  good  fortune  to  work  for  two  directors, 
Bob  Wilson  and  Bjoem  Wiik,  who  had  vision  on 
directions  of  future  accelerator  technology.  In  1992, 
Bjoem  Wiik,  soon  to  become  Director  of  DESY, 
organized  an  international  effort  dedicated  to  a  dramatic 
improvement  in  performance  and  cost  of  accelerating 
stmctures  based  on  RF  superconductivity.  In  this  paper  I 
will  discuss  the  degree  to  which  this  goal  has  been 
achieved  and  the  accompanying  technology  advances. 
Today,  RF  superconductivity  is  the  technology  of  choice 
for  high  duty  factor,  high  beam  brightness  applications 
and  a  serious  competitor  for  use  in  a  linear  collider. 

INTRODUCTION 

This  paper  is  a  review  of  superconducting  cavity 
development  and  is  divided  into  three  sections: 

•  first  a  history  of  the  development  of 
superconducting  rf  systems  prior  to  the  start  of  the 
TESLA  R&D  program  and  through  the  90's  [1], 

•  then  the  evolution  of  the  TESLA  1.3GHz  cavity 
development  [2], 

•  and  finally  an  overview  of  other  superconducting 
cavity  R&D,  and  future  applications  that  are  being 
proposed. 

This  talk  is  dedicated  to  Robert  Wilson  and  Bjoem 
Wiik,  two  leaders  of  outstanding  talent  and  vision,  for 
whom  it  has  been  my  great  fortune  to  work. 

RF  SUPERCONDUCTIVITY  BRIEF 
HISTORY 

Ideas  for  the  possibility  of  using  superconducting 
materials  for  RF  cavity  stmctures  first  blossomed  in  the 
1960's.  P.  Wilson,  Schwettman,  and  Fairbanks  at  Stanford 
proposed  an  electron  linac  of  20  GeV,  10%  duty  factor, 
with  cavity  gradients  of  10  MV/m.  At  Harwell,  Banford 
and  Stafford  proposed  a  proton  linac.  Montague  at  CERN 
proposed  a  superconducting  cavity  separated  beamline, 
and  Susini  began  surface  studies  at  300MHz  on  lead  and 
Niobium.  At  Stanford  studies  began  at  S  band. 

It  is  interesting  to  note  that  the  Stanford  proposed 
electron  linac  parameters  are  not  unlike  those  of  the 
present  TESLA  FEL  project,  that  a  proton  linac  (SNS)  is 
now  being  built,  that  CERN  went  on  to  build  a  Kaon 
separated  beam  and  that  Fermilab  (CKM)  plans  such  a 
beam.  Stanford  went  on  to  build  HEPL,  one  of  the  first 
superconducting  RF  (srf)  accelerators,  which  has  recently 
been  upgraded  with  TESLA  cavities. 

*hedwards@fhal.gov 
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Twenty  years  later  by  the  '80's  prototype  cavities  were 
beginning  to  be  built  with  gradients  up  to  ~7MV/m. 
Active  programs  were  underway  at  Cornell  (which 
produced  the  CEBAF  cavity  design),  KEK,  CERN,  and 
Wuppertal.  At  this  time  Padamsee  at  Cornell  developed 
the  1400C  Titanization  process  that  led  to  better  residual 
resistance  ratio  (RRR)  and  higher  thermal  conductivity  in 
the  niobium  material  and  less  sensitivity  to  quench. 

By  '92  before  the  start  of  the  TESLA  R&D  program,  a 
number  of  laboratories  had  significant  superconducting 
RF  installations  with  cavity  gradients  of  3  to  7  MV/m. 
These  installations  are  listed  in  Fig  1.  The  TRISTAN 
ring  at  KEK  was  the  largest  installation.  CEBAF 
constmction  was  proceeding  at  16  cavities  per  month,  and 
LEP  cavity  production  had  started.  By  2000  there  would 
be  over  5  GV  and  over  one  km  of  superconducting 
stmctures  that  had  been  installed  for  electron  or  heavy  ion 
acceleration. 


Nbr.  of  cav. 

MHz 

m 

mint 

MV 

MACSE 

5 

S-cell 

1800 

2.8 

6.8 

18 

S-DAUNAC 

10 

20^1 

3000 

10.0 

5.9 

59 

HERA 

18 

4-cell 

500 

19.2 

3.6 

89 

HEPL 

30.8 

3.0 

92 

TRISTAN 

32 

5^11 

506 

47.2 

8.8 

310 

CEBAF 

108 

5-c«ll 

1487 

53.0 

7.6 

400 

LEP 

12 

4-cetl 

352 

20.4 

3.7 

75 

Figure  1:  Status  of  SRF  installations  in  1992  [1]. 

Two  Projects  of  the  '90's 

Two  major  projects  of  the  '90's  were  CEBAF 
recirculating  linac  at  Jefferson  Laboratory  and  the  LEP 
electron  positron  collider  energy  upgrade  to  200  GeV  cm. 

Both  systems  are  (or  were)  operated  well  above  design 
gradients.  Achieved  operational  gradients  are  (were) 
limited  by  cavity  trip  rates  that  could  be  tolerated  by  the 
experimental  program  in  a  tradeoff  with  beam  energy 
delivered.  There  has  been  a  steady  evolution  of  energy 
with  time,  and  in  both  installations  the  superconducting 
systems  have  been  very  reliable. 

CEBAF  [3]  was  completed  in  1993,  and  was  designed 
for  4  GeV  beam  and  5  MV/m  cavity  gradient  at  1.5  GHz 
frequency.  There  are  338  5  cell,  1/2  m  cavities  in  42 
modules.  Today  it  operates  at  5.8  GeV  with  5  passes,  and 
an  average  gradient  of  6.9  MV/m  (45%  above  design). 
The  active  cavity  length  is  169  m  and  the  total 
accelerating  voltage  is  about  1160  MV.  The  major 
limitation  to  gradient  is  the  RF  cold  window  location 
close  to  the  cavity.  Field  emission  firom  the  cavity  leads  to 
arcing  of  the  cold  window.  This  is  a  design  limitation  that 
can  be  addressed  in  any  future  design.  In  operation, 
gradient  is  set  to  limit  RF  trips  to  100/day  (with  ~45  sec 
recovery).  Thus  trips  are  a  major  source  of  unavailability. 
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typically  of  order  3.5%,  whereas  failures  of  the  SRF 
installation  is  very  low  (-0.2%  of  operating  time)  and 
cryogenics  is  -0.9%.  An  upgrade  for  CEBAF  to  12  GeV 
is  underway. 

The  LEP-2000  collider  [4]  achieved  up  to  209  GeV  cm 
energy  operation  before  decommissioning  to  make  way 
for  LHC.  LEP  had  288  1.7m  350  MHz  superconducting 
cavities,  for  a  total  active  length  of  490  m.  These  cavities 
were  driven  by  36  1  MW  cw  klystrons.  The  design 
gradient  was  6  MV/m,  however  7.2  MV/m  average 
gradient  was  achieved  (20%  above  design)  for  a  total 
accelerating  voltage  of  3600  MV.  Because  of  the 
demands  of  the  experimental  program  search  for  the 
Higgs,  the  gradient  was  pushed  higher  and  higher, 
requiring  considerable  processing  during  maintenance 
times  and  a  sophisticated  operating  strategy.  By  2000,  the 
last  year  of  operation,  this  strategy  included  increasing 
the  acceleration  voltage  during  a  beam  store  so  that  by  the 
end  of  a  store  all  klystron  systems  were  required  to  hold 
the  beams.  At  the  beginning  of  a  store  one  klystron 
system  was  held  as  margin  (2.7%)  in  case  of  a  trip,  after 
reduction  of  lumonsity  to  some  level  the  energy  was 
increased  and  all  systems  were  required.  Mean  time 
before  trip  was  about  14  minutes,  with  RF  recovery  of  2 
min.  Trips  were  generally  due  to  field  emission  leading  to 
excessive  helium  usage  and  helium  interlock  trips.  Fig.  2 
illustrates  the  evolution  of  available  RF  voltage  and  beam 
energy  at  LEP  over  the  5  years  of  operation  ending  in 
2000. 


Figure  2:  LEP  operation  showing  the  increase  in  available 
rf  voltage  over  nominal  design  voltage,  and  resulting 
increased  beam  energy.  [4] 

These  two  examples  of  major  accelerators  that  have 
used  superconducting  RF  illustrate  ability  to  push  the 
cavities  to  levels  where  operation  is  limited  by  trips  due 
to  field  emission  at  gradients  well  beyond  design.  System 
reliability  exclusive  of  trip  rates  was  excellent. 

THE  TESLA  R&D  PROGRAM 

In  1992  Bjoem  Wiik  organized  a  collaboration  to 
undertake  SRF  cavity  R&D  with  focus  toward  its  use  for 
linear  colliders  (LC).  The  large  aperture  of  the 
superconducting  1.3  GHz  cavities  leads  to  low  wake 
fields,  relaxed  alignment  tolerances,  and  less  emittance 


dilution  with  the  possibility  of  long  bunch  trains,  bunch  to 
bunch  feedback  and  emergency  turnoff  within  a  fraction 
of  a  bunch  train  pulse.  Potential  benefits  have  been 
acknowledged  since  the  beginning  of  LC  R&D  but 
projected  costs  were  considered  too  high.  The  TESLA 
R&D  program  had  the  goal  of  a  cost  reduction  of  a  factor 
of  20  per  MV.  This  could  be  accomplished  by  an  increase 
of  a  factor  of  5  in  gradient  from  the  then  typical  5  MV/m 
to  25  MV/m  and  a  cost  reduction  per  unit  length  over 
existing  installations  of  a  factor  of  4.  This  cost  reduction 
could  be  realized  by  long  continuous  module  strings  with 
many  cavities  without  warm-cold  transitions.  The  initial 
gradient  goal  set  for  realization  in  the  TESLA  Test 
Facility  (TTF)  was  15  MV/m  with  a  clear  path  toward  25 
MV/m  for  a  LC.  Now  the  goal  for  TESLA  800  (800  GeV 
cm)  is  35  MV/m  and  cavity  R&D  is  focused  to  that  end. 

The  R&D  for  cavity  improvement  has  concentrated  on 
a  number  of  areas  with  care  toward  careful,  high  quality 
manufacturing,  processing,  preparation,  and  testing. 
There  has  been  no  one  specific  most  important 
improvement  area  but  rather  careful  attention  in  many 
areas  that  has  led  to  success.  Many  of  these  procedures 
had  been  developed  through  international  R&D  efforts 
prior  to  TESLA. 

The  cavity  improvement  efforts  included  [2,  5] : 

•  High  RRR  Niobium  for  better  thermal 
conductivity. 

•  Scanning  sheet  Nb  material  for  defects  and 
inclusions  of  non-Niobium  material  using  eddy 
current  scanning  devices  (and  more  recently  squid 
scanners  as  well). 

•  Care  in  preparation  for  e-beam  welding  and  good 
vacuum  during  welding. 

•  High  temperature  heat  treatment  (HT)  of  the 
finished  cavity  at  800  C  (to  remove  H  and  prevent 
Q  disease),  or  the  more  effective  treatment  with 
Titanium  at  1400  C  to  getter  02  and  increase  the 
thermal  conductivity  by  about  a  factor  of  2  above 
that  of  the  high  RRR  sheet. 

•  Cavity  tuning  for  field  flatness. 

•  Buffered  chemical  polishing  (BCP)  followed  by 
ultra  pure  water  (UPW)  rinsing. 

•  High  pressure  water  rinse  (HPR)  to  remove 
particles  and  eliminate  field  emission. 

•  Clean  room  assembly  in  class  10-100  cleanrooms. 

The  fabrication  and  preparation  is  followed  by  a  series 

of  tests  of  cavity  gradient  and  Q  performance: 

•  Vertical  dewar  test  of  the  "bare"  cavity  (without 
helium  vessel,  tuner  or  input  coupler). 

•  Horizontal  dewar  test  of  the  "dressed"  cavity 
(with  helium  vessel,  tuner,  input  coupler). 

•  Module  assemblies  of  8  cavities  per  module. 

•  TTF  installation  and  test  of  the  8  cavity  module, 
and  operation  for  beam  acceleration. 

Performance  limitations  can  be  caused  by  inclusions, 
dust  particles,  resistive  regions,  high  surface  resistance,  or 
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bad  thermal  conductivity  and  ultimately  by  the  theoretical 
He  limit.  The  limitations  are: 

•  Cavity  quench  or  thermal  breakdown 

•  .  Field  emission 

•  Multipacting 

•  Q  slope  (  drop  in  Q  at  high  gradient) 

Early  in  the  program  a  very  significant  set  of  tests  was 
carried  out  at  Cornell.  These  tests  performed  on  three  1.3 
GHz  5  cell  cavities  fabricated  at  Cornell  showed  that 
greater  than  25  MV/m  at  Q  of  5x10^  was  indeed 
achievable.  A  technique  of  high  peak  power  processing 
(HPP)  was  used  to  achieve  these  results. 


The  Cavity  Program  with  BCP 

The  TESLA  program  has  involved  fabrication  of  the  9 
cell  1.3  GHz  cavities  by  industry  from  the  veiy 
beginning.  Four  different  vendors  have  produced  cavities. 
In  time  there  have  been  3  production  runs.  The  fourth  is 
underway  presently.  In  total  over  80  cavities  have  been 
produced.  The  processing,  tuning,  assembly,  and  testing 
is  all  done  at  DESY.  Results  of  the  first  3  production 
runs,  and  the  modules  assembled  from  these  cavities  are 
illustrated  in  Fig.  3  [2].  One  sees  the  improvement  in 
quality  and  reproducibility  as  the  productions  have 
proceeded.  Much  of  this  improvement  has  been  due  to 
improved  welding,  better  niobium  control,  better  overall 
quality  control,  and  the  learning  curve  associated  with  the 
production  of  a  number  of  cavities.  In  Fig.  4  [2],  a 
comparison  of  test  results  is  given  for  those  obtained  in 
the  vertical  test  dewar  of  bare  cavities  with  cw  RF, 
against  those  obtained  in  the  horizontal  test  dewar  of  fully 
dressed  cavities  with  pulsed  RF  (1.3ms).  Though  the 
scatter  in  correlation  is  large  it  is  important  that  there  is 
no  obvious  deterioration  of  gradient  after  the  cavities  are 
fully  dressed.  In  fact  some  cavities  perform  better  in  the 
horizontal  cryostat  after  being  "i-essed  ",  probably 
because  of  thermal  heating  differences  between  cw  and 
pulsed  operation.  It  is  interesting  to  note  that  already  in 
this  data  set  some  are  achieving  gradients  of  33  to  35 
MV/m. 


Figure  3:  Cavity  performance  results  from  a)  successive 
production  runs,  and  b)  when  installed  in  TTF  modules. 


Fig.  5  shows  the  good  reproducibility  of  vertical  results 
(cw)  from  cavities  of  the  3rd  production  run  prepared 
with  BCP  surface  chemistry.  However  it  is  clear  the  there 
is  a  rapid  drop  in  Q  ("Q  slope")  above  about  25MV/m. 


Some  of  these  same  cavities  show  higher  gradient 
operation  in  the  horizontal  pulsed  tests  as  illustrated  in 
Fig.  6.  Many  are  at  or  near  the  required  35MV/m  @  Q  of 
5x10®.  However  the  Q  slope  indicates  that  cavities 
prepared  in  this  manner  are  reaching  their  performance 
limitations. 
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Figure  4:  Reproducibility  of  results  in  the  horizontal  test 
of  dressed  cavities  vs.  in  the  vertical  test  of  bare  cavities. 


II 


E„  [MV/m] 

Figure  5:  Vertical  dewar  results  for  cavities  from  the  3rd 
production  processed  with  BCP  [2]. 


Figure  6:  Horizontal  pulsed  test  results  of  TESLA 
cavities.  AC73  is  electropolished,  the  rest  have  BCP 
treatment. 

Electropolishing 

The  development  and  refinement  of  the 
electropolishing  (EP)  process  has  been  successfully 
pursued  by  a  broad  international  collaboration  of 
laboratories  working  on  srf  R&D  (CERN,  DESY,  JLab, 
KEK,  Saclay).  The  effort  is  an  excellent  example  of  the 
power  of  international  collaboration. 

One  cell  cavities  have  been  electropolished  at  CERN 
and  measured  at  DESY  as  part  of  studies  carried  out  in  a 
CERN-DESY  collaboration  [5].  KEK  (with  Nomura 
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Plating)  has  developed  the  electropolishing  process  so 
that  it  can  be  used  with  good  results  on  multicell  cavities 
[6],  KEK  has  electropolished  a  number  of  multicell 
cavities  for  DESY  and  JLab.  DESY  and  JLab  are  both 
bringing  on  their  own  EP  facilities  based  on  the  KEK 
development. 

The  EP  process  is  usually  done  after  heat  treatment 
(HT)  at  1400  or  800C,  and  BCP  etching  as  greater  of  100 
microns  of  niobium  must  be  removed  and  the  EP  rate  of 
removal  is  ~  1/2  micron/min.  Whereas  the  BCP  process 
makes  for  differential  etching  of  the  different  crystal 
grains  and  surface  discontinuities  at  the  grain  boundaries, 
the  EP  process  concentrates  electric  current  on  surface 
high  points  and  removes  them.  The  result  is  a  very 
smooth  surface.  The  rough  surface  produced  by  BCP  can 
lead  to  local  field  enhancement  that  could  be  detrimental 
especially  as  local  H  fields  approach  the  theoretical  He 
limit  [6,7]. 

Results  from  single  cell  cavities  with  EP  preparation 
showed  veiy  interesting  results  [5].  The  cavities  did  not 
show  remarkably  better  results  than  BCP  prepared 
cavities  until  a  120C  bake  was  performed  as  a  final  step. 
Before  the  120C  bake  a  strong  Q  slope  was  observed  at 
gradients  above  25MV/m  as  with  the  BCP  preparation. 
There  was  no  field  emission  associated  with  the  Q  slope. 
(Emission  is  a  usual  explanation.)  After  the  bake,  the  Q 
slope  was  much  reduced  and  gradients  in  excess  of  40 
MV/m  were  observed. 

Initial  vertical  dewar  results  from  4  TESLA  9  cell 
cavities  (out  of  9)  electropolished  at  KEK  then  shipped  to 
DESY  for  final  HPR  and  120  bake  are  shown  in  Fig.  7. 
Test  results  of  one  of  these  cavities  in  the  horizontal 
dewar  before  and  after  being  "dressed"  is  illustrated  in 
Fig.  8.  This  cavity  has  achieved  gradients  of  37  MV/m  in 


Figure  7:  First  results  of  EP  processing  on  four  cavities. 

Clearly  the  120C  bake  has  some  very  important 
influence  on  the  superconducting  properties  of  the 
cavities.  There  is  evidence  that  oxygen  from  the  oxide 
surface  layer  diffuses  into  the  first  -100  microns  of 
material  and  effects  the  superconducting  surface 
resistance  by  changing  the  electron  mean  fi-ee  path. 
(Other  changes  to  the  superconducting  properties  may  be 
going  on  as  well.)  [6] 
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Figure  8:  Horizontal  pulsed  test  of  EP  cavity  AC73. 

It  is  still  early  to  know  just  what  the  best  preparation 
with  EP  will  be  and  further  understanding  of  the 
modification  of  the  surface  layer  is  needed.  One 
outstanding  question  relevant  to  cavity  production 
processing  is  whether  heat  treatment  at  1400C  will  be 
required  or  if  the  easier  800C  treatment  will  be  adequate. 

ACTIVITIES  IN  OTHER  R&D  AREAS  & 
NEW  APPLICATIONS  OR  POSSIBLE 
PROJECTS 

Other  SRF  R&D 

Superconducting  cavity  R&D  efforts  are  going  on  in  a 
number  of  other  areas.  Only  some  of  these  can  be 
mentioned  here  [8].  In  some  cases  the  motivation  is 
directed  toward  foture  potential  projects,  in  other  cases 
the  motivation  is  driven  by  possible  cost  reduction 
through  the  use  of  less  niobium  material  or  simplified 
fabrication  processes. 

Sputtered  cavity  development  (as  was  done  for  LEP) 
continues  for  low  frequency  applications  where  cavity 
size  makes  use  of  solid  Nb  prohibitive.  LHC  will  use  16 
400  Mhz  single  cell  cavities  with  specification  of  5 
MV/m  and  Q  2x10^  at  4.5  K.  These  cavities  have  been 
produced  by  industry  and  operate  above  specification. 
They  typically  reach  ~9MV/m  and  Q~lxl0®  at  4.5K,  and 
up  to  14MV/m  at  2.5K.  As  with  other  sputtered  cavities, 
the  Q  slope  is  large  and  continuous  from  low  Eacc. 
Understanding  and  curing  this  is  an  important  area  of 
R&D  that  would  make  it  possible  to  push  the  use  of 
sputtered  cavities  to  higher  gradient. 

Cornell  and  CERN  have  a  collaboration  to  fabricate 
and  test  200  MHz  single  cell  cavities  for  muon 
acceleration  [8].  First  cavity  tests  have  reached  Eacc  -1 1 
MV/m  (goal  is  -17  MV/m).  Here  again  Q  slope  is  very 
evident. 

A  different  approach  is  being  pursued  at  DESY  in 
collaboration  with  Jlab.  Nb/Cu  clad  single  cell  cavities 
are  produced  by  hydroforming  without  an  equator  weld. 
Tests  of  one  of  these  cavities  have  achieved  40  MV/m 
and  Q  -  9x10^,  with  almost  no  Q  slope.  Interestingly, 
preparation  was  BCP,  800C  HT,  HPR,  and  140C  bake. 

A  completely  different  area  where  there  has  been  good 
success  is  the  low  beta  spoke  cavity  effort  at  Argoime  and 
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LANL.  It  shows  great  promise  for  application  in  RIA 
(Rare  Isotope  Accelerator)  for  ^0.3-0.4  structures  [8], 

Ongoing  and  Potential  Projects 

The  prominent  ongoing  accelerator  project  using  srf  is 
SNS  .  The  change  to  superconducting  cavities  took  place 
relatively  late  in  the  planning.  However  this  application 
of  srf  is  natural  because  of  the  need  to  minimize  beam 
loss,  large  aperture  of  the  cavities  and  their  potential  to 
provide  further  beam  energy  increases.  The  ability  to  use 
the  srf  technology  at  SNS  was  a  direct  spinoff  from  the 
TESLA  R&D.  SNS  linac  uses  81  800  MHz  srf  cavities  of 
2  3  types  from  186  to  1000  MeV.  Cavity  production 
overseen  by  JLab  is  well  underway.  Fig.  9  shows  first 
tests  of  high  beta  cavities  with  BCP  and  EP  processing. 
Performance  is  well  above  specification  (including  the 
increased  high  3  specification  that  was  changed  when  EP 
was  adapted  for  processing  of  the  high  3  cavities)  [8]. 
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Figure  9:  First  results  from  Jlab  on  SNS  high  3  structures 
prepared  with  BCP  or  the  new  EP  setup  [9]. 

JLab  is  also  working  on  an  upgrade  of  CEBAF  to 
12GeV,  and  work  is  underway  on  the  ERL  FEL  Upgrade 
to  lOkW.  EP  cavities  have  been  tested  to  19  MV/m  [8]. 

TESLA  TTF  II  linac  is  being  assembled.  It  will  have 
energy  to  1  GeV  and  use  cavities  of  more  recent 
production  series.  It  will  produce  SASE  FEL  radiation  to 
6  nm.  The  TESLA  GeV  XFEL  project  (10  to  20  GeV 
linac)  has  been  approved  by  the  German  government  at 
50%  funding  support.  The  remaining  support  will  come 
from  collaborating  countries.  [8] 

It  is  interesting  to  review  the  reports  submitted  to  DoE 
for  development  of  its  20  road  map  plan.  Though  many  of 
the  ideas,  doubtless  will  not  survive  to  the  project  level,  it 
is  striking  to  note  just  how  many  rely  on  srf  technology. 
Listed  by  DoE  Science  Divisions,  these  include: 

Basic  Energy  Sciences  (BES) 

•  SNS-  power  upgrade  to  3MW 

•  “Greenfield”  XFEL  (beyond  LCLS) 

•  LUX-  Linac  based  Ultra-fast  Xrays  (LBL  srf 
recirculating  linac) 

•  ACNS-  Acc  based  Continuous  Neutron  Source 
(BNL  lOMW) 

•  Crosscutting  issues-  investigation  of  Energy 
Recovery  Linac  (ERL)  applications 

Nuclear  Physics  (NP) 

•  RIA-Rare  Isotope  Accelerator  (400MeV/nucleon) 


•  CEBAF  12  GeV  Upgrade 
High  Energy  Physics  (HEP) 

•  Linear  Collider-  cold  or  warm 

•  CKM-  Charged  Kaons  at  Main  Injector  (FNAL 
separated  beamline) 

•  Neutrino  Super  Beam-  Proton  Driver  (warm  or 
cold,  BNL  or  FNAL) 

•  Neutrino  Factory 

There  are  also  proposals  to  NSF: 

•  Cornell  ERL 

•  MIT-Bates  X-ray  laser  (4  GeV  linac) 

And  finally  BNL  is  discussing  a  high  current  electron 
linac  for  electron  cooling  at  RHIC. 

CONCLUSIONS 

Superconducting  RF  systems  of  the  90’s  have 
demonstrated  remarkable  reliability,  and  operability  at 
limits  considerably  in  excess  of  design. 

The  TESLA  R&D  program  has  been  a  model  of 
concerted  R&D.  It  has  been  dramatically  successfiil  at 
pushing  the  gradient  of  superconducting  cavities  to  a 
level  required  for  Linear  Collider  application.  The 
improvements  in  cavity  performance  have  made  it 
possible  to  use  the  superconducting  technology  in 
projects  such  as  SNS. 

There  still  remains  more  work,  and  more  to  imderstand 
in  order  to  achieve  high  performance,  reliable  and  cost 
effective  cavities.  But  the  TESLA  R&D  program  clearly 
shows  how  well  planned  R&D  with  a  major  commitment 
can  succeed  in  making  real  progress. 

Superconducting  RF  has  become  a  major  enabling 
technology  for  accelerator  projects  of  the  future. 
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MURA  DAYS 


Keith  R.  Symon,  University  of  Wisconsin-Madison,  Madison,  WI 53706,  USA 


Abstract 

The  Midwestern  Universities  Research  Association 
(MURA), incorporated  in  the  mid  nineteen-fifties,  was  a 
unique  institution  in  that,  although  it  never  succeeded  in 
its  primary  goal  of  building  a  multi-GeV  particle  accel¬ 
erator,  it  remained  in  existence  for  more  than  ten  years, 
during  which  the  MURA  group  made  many  contributions 
to  the  science  of  particle  accelerators.  Included  among 
these  were  the  invention  of  fixed  field  alternating  gradient 
(FFAG)  accelerators  and  spiral  sector  cyclotrons,  an  ex¬ 
tensive  analysis  of  rf  acceleration  with  particular  attention 
to  the  consequences  of  Liouville's  theorem,  beam  stack¬ 
ing,  analytic  and  computational  studies  of  nonlinear  orbit 
theory,  studies  of  collective  instabilities,  and  the  first 
demonstration  of  practical  ways  to  achieve  colliding 
beams.  Although  no  large  FFAG  accelerators  were  ever 
built,  model  FFAG  accelerators  turned  out  to  be  excellent 
devices  for  the  experimental  study  of  accelerator  prob¬ 
lems  because  they  separate  the  guide  field  from  the  accel¬ 
eration  process.  Models  were  used  to  study  nonlinear 
resonances,  acceleration  processes,  space  charge  limits, 
and  beam  stacking.  Among  the  last  MURA  projects  was 
an  electron  storage  ring  that  became  the  first  machine 
dedicated  exclusively  to  the  production  of  synchrotron 
radiation  for  experiments,  a  facility  which  evolved  into 
the  highly  successful  Synchrotron  Radiation  Center  at  the 
University  of  Wisconsin-Madison. 

MURA 


allows  a  great  variety  of  acceleration  schemes  and  simpli¬ 
fies  accelerator  experiments. 

Radial  Sector  Model 

The  first  FFAG  configuration  proposed  was  a  radial 
sector  accelerator.  Figure  1  shows  a  model  which  oper¬ 
ated  in  1956.  The  injection  energy  at  the  inner  orbit  was 
20  keV;  the  energy  at  the  outer  orbit  radius  at  54  cm  was 
400  keV.  You  can  see  the  betatron  core  which  provided  a 
very  easy  way  to  accelerate  electrons.  An  experiment,  for 
example  an  rf  acceleration  process,  could  be  carried  out, 
and  the  result  observed  by  betatron  accelerating  the  re¬ 
sulting  beam  onto  a  detector. 


Figure  1:  Radial  Sector  Model. 


The  Midwestern  Universities  Research  Association 
(MURA)  was  incorporated  in  1954  with  fifteen  universi¬ 
ties  as  members.  Its  purpose  was  to  promote  a  large  ac¬ 
celerator  in  the  Midwest.  In  1956  the  MURA  working 
group  located  in  Madison,  Wisconsin,  the  chosen  site  for  a 
MURA  accelerator.  During  the  next  thirteen  years  some 
74  MURA  employees,  graduate  students,  and  staff  from 
MURA  universities  participated  in  the  working  group, 
making  many  important  contributions  to  accelerator  sci¬ 
ence.  I'll  discuss  the  technical  and  scientific  contributions 
of  MURA,  not  the  political  aspects  which  are  also  of  in¬ 
terest. 

FFAG 

1954  saw  the  invention  of  the  Fixed  Field  Alternating 
Gradient  (FFAG)  accelerator.  In  an  FFAG  accelerator  the 
guide  magnetic  field  is  constant  and  accommodates  all 
orbits  from  injection  to  output  energy.  Focusing  is 
achieved  by  means  of  alternating  gradients,  a  principle 
which  had  just  been  invented.  The  idea  had  also  occurred 
to  other  people.  We  received  a  paper  fi-om  Tihiro  Ohkawa 
in  Japan  presenting  the  same  idea.  Ohkawa  was  invited  to 
visit  and  joined  the  MURA  working  group. 

The  advantage  of  a  fixed  field  machine  is  that  it  sepa¬ 
rates  the  guide  field  from  the  acceleration  process.  This 


There  are  eight  sectors,  each  consisting  of  a  large  and  a 
small  magnet.  The  magnetic  field  increases  with  radius  as 
R*,  with  k=3.36.  The  field  in  the  smaller  magnet  is  re¬ 
versed,  providing  the  alternating  gradient.  This  of  course 
makes  the  orbit  circumference  about  5  times  larger  than  it 


Figure  2:  Important  Visitors 


In  order  to  make  the  orbits  scale  in  proportion  to  the  ra¬ 
dius,  it  is  desirable  to  have  the  magnetic  field  pattern  scale 
in  proportion  to  the  radius.  This  is  guaranteed  if  the  mag¬ 
net  gap  is  proportional  to  the  radius,  a  solution  favored  by 
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theorists.  The  builders  preferred  to  save  iron,  copper  and 
power  by  keeping  the  gap  constant  and  shaping  the  field 
by  appropriate  windings.  After  a  decisionless  debate  in 
which  we  all  agreed  that  either  solution  would  work,  we 
took  a  vote  which  came  out  in  favor  of  geometric  scaling 
of  the  magnets. 

We  had  a  few  important  visitors  who  were  interested  in 
the  model.  In  Figure  2  you  should  be  able  to  identify 
Niels  Bohr  and  Subramanian  Chandrasekhar. 


Spiral  Sector  Model 

Donald  Kerst  invented  the  spiral  sector  FFAG  configu¬ 
ration.  Figure  3  shows  a  spiral  sector  model  which  began 
operation  in  1957.  Each  sector  has  just  one  magnet  whose 
edges  spiral  out  in  radius.  Particles  crossing  the  edges  at 
an  angle  experience  alternating  gradient  focusing.  Be¬ 
cause  there  are  no  reverse  fields,  the  circumference  of  the 
orbit  is  only  about  two  times  that  for  a  uniform  field. 


Figure  3:  Spiral  Sector  Model 


Jackson  Laslett  and  I  worked  on  the  theory  of  spiral 
sector  orbits.  At  first  we  thought  the  chief  advantage  of 
this  configuration  was  that  it  is  sufficiently  complicated 
that  it  is  hard  to  show  that  it  will  not  work.  But  indeed  it 
does  work  very  well. 

In  designing  this  model  we  made  detailed  analytical  and 
digital  computations  of  orbits  and  magnetic  fields.  As  a 
result  the  machine  operated  when  first  turned  on,  perhaps 
a  record  for  accelerator  construction. 


NONLINEAR  ORBITS 

In  most  accelerators,  magnetic  fields  are  made  to  vary 
as  linearly  as  possible,  so  that  nonlinear  effects  are  small 
perturbations.  In  FFAG  machines  nonlinear  effects  are 
important  and  determine  the  stability  limits  which  deter¬ 
mine  the  maximum  allowed  oscillation  amplitudes. 

Experiments  were  done  on  both  models  to  check  theo¬ 
retical  predictions  regarding  orbit  stability  as  a  function 
of  betatron  oscillation  frequencies.  Figure  4  is  a  contour 
plot  showing  beam  intensity  in  the  radial  sector  model  as 
a  function  of  the  number  of  radial  oscillations  per  revolu¬ 
tion  plotted  horizontally  and  the  number  of  vertical  oscil¬ 
lations  per  revolution  plotted  vertically.  Theoretically  pre¬ 
dicted  linear  and  nonlinear  resonances  lie  along  the 


straight  lines  shown.  One  can  see  the  wide  stop  band 
along  the  linear  resonance  as  well  as  reductions  in 
intensity  along  other  linear  and  nonlinear  resonances. 
Similar  measurements  made  with  the  spiral  sector  model 
also  confirm  the  predictions  of  orbit  theory. 


Figure  4:  Resonance  Survey,  Radial  Sector  Model 


Numerical  calculations  of  FFAG  orbits  often  showed 
apparently  random  behavior  which  we  called  "stochastic" 
behavior.  Such  behavior  would  now  be  called  "chaotic". 
At  first  we  were  not  sure  whether  these  effects  were  real 
or  artifacts  of  the  numerical  calculation. 
We  devised  exactly  canonical  numerical  algorithms  to 
eliminate  the  possibility  of  nonphysical  features  of  the 
algorithm.  We  also  made  extensive  checks  to  guard 
against  round-off  errors.  We  thus  convinced  ourselves  that 
these  stochastic  effects  are  real. 

REACCELERATION 

Fixed  field  accelerators  allow  a  great  variety  of  rf  ac¬ 
celeration  schemes.  One  possibility  is  beam  stacking, 
where  we  inject  successive  beams  and  accelerate  each  up 
to  an  intermediate  energy.  Donald  Kerst  mentioned  this  to 
Eugene  Wigner  who  pointed  out  that  Liouville's  theorem 
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would  be  relevant.  When  he  reported  this  to  us,  Andrew 
Sessler  and  I  realized  that  this  was  a  key  to  studying  rf 
acceleration  processes.  We  wrote  a  paper  on  rf  accelera¬ 
tion'  in  which  we  discussed  this  and  other  topics. 


Figure  5:  Numerical  Simulation  of  rf  Acceleration 

Figure  5  shows  the  results  of  a  numerical  simulation  of 
an  rf  acceleration  process  in  which  the  radio  frequency 
and  voltage  are  fixed.  Once  per  revolution  we  plot  a  point 
at  the  particle  energy  and  the  rf  phase  when  the  particle 
arrives  at  the  accelerating  gap.  There  is  a  fixed  point  at 
phase  3t,  energy  500  MeV,  where  the  radio  frequency  is  9 
times  the  revolution  frequency,  and  another  at  814  MeV 
where  the  radio  frequency  is  10  times  the  revolution  fre¬ 
quency.  Both  points  are  surrounded  by  trapping  regions 
where  the  points  lie  on  closed  curves  surrounding  the 
fixed  points.  If  we  were  to  change  the  radio  frequency 
slowly,  the  trapped  phase  points  would  be  carried  up  or 
down  in  energy.  This  suggested  to  me  using  a  high  har¬ 
monic  number  so  that  there  are  a  number  Of  trapping  re¬ 
gions  between  the  injection  and  output  energy.  By  modu¬ 


lating  the  frequency,  these  regions  could  be  moved  up¬ 
ward  past  the  injector  so  as  to  carry  injected  particles  to 
the  output  energy.  I  called  this  scheme  a  "bucket  lift"  in 
analogy  with  the  devices  used  by  farmers  to  load  hay  or 
grain  into  their  bams.  The  trapping  regions  were  then 
called  "buckets",  a  name  which  is  still  in  use,  although  no 
bucket  lift  accelerator  was  ever  constmcted. 

Because  of  Liouville's  theorem,  the  phase  points  in  any 
rf  acceleration  process  move  like  an  incompressible  (two- 
dimensional)  fluid.  This  makes  the  name  "bucket"  even 
more  appropriate.  An  interesting  consequence  is  that  if  the 
buckets  are  moved  upward,  the  surrounding  untrapped 
phase  space  must  on  average  move  downward.  We  call 
this  "phase  displacement". 

Beam  stacking  experiments  were  carried  out  on  the 
FFAG  models.  Figure  6  shows  the  results  for  the  radial 
sector  model.  These  are  oscillographs  of  beam  intensity 
vs.  energy.  Because  of  the  way  the  experiments  were  car¬ 
ried  out,  energy  increases  toward  the  left.  The  first  trace 
shows  an  injected  beam  at  an  initial  energy.  The  beam  is 
captured  in  a  bucket  and  accelerated  up  to  a  higher  en¬ 
ergy.  The  result  is  shown  in  the  second  trace  where  we 
also  see  a  little  untrapped  beam  remaining  at  the  initial 
energy.  In  contrast  to  actual  beam  stacking,  in  this  ex¬ 
periment  we  did  not  inject  successive  beams,  but  simply 
carried  out  successive  rf  cycles.  The  result  after  4  cycles 
is  shown  in  the  third  trace.  We  see  that  the  result  of  four 
cycles  is  to  accelerate  most  of  the  remaining  beam  and  to 
displace  the  first  beam  down  in  energy. 


Figure  6:  Beam  Stacking  Experiment 


Among  other  topics  studied  theoretically  and  experi¬ 
mentally  by  the  MURA  group  are  acceleration  of  buckets, 
phase  displacement,  capture  of  a  beam  in  an  expanding 
bucket,  and  acceleration  across  the  transition  energy. 
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With  high  rf  voltages,  we  observed  stochastic  phenom¬ 
ena  near  the  boundaries  of  a  bucket,  as  shown  in  Figure  7. 
On  the  hypothesis  that  stochastic  phenomena  occur  when 
bucket  boundaries  overlap,  we  ran  a  case  with  two  nearby 
rf  frequencies  with  voltages  such  that  the  predicted  buck¬ 
ets  would  overlap.  The  results  in  Figure  8  give  totally 
chaotic  orbits.  The  solid  curves  are  the  predicted  bucket 
boundaries. 


Figure  7:  Stochastic  behavior  near  bucket  boundary 


Figure  8:  Scattered  orbits  in  two  overlapping  buckets 


COLLIDING  BEAMS 

The  center-of-mass  energy  for  a  collision  of  a  particle 
of  relativistic  energy  E  with  a  stationary  particle  is  pro¬ 
portional  to  This  suggests  the  energy  advantage  in 
letting  two  equal  energy  particles  collide,  in  which  case 
the  center-of-mass  energy  is  the  sum  of  the  energies  of  the 
colliding  particles.  For  example,  two  15  GeV  protons  col¬ 
liding  head-on  produce  a  center-of-mass  energy  of  30 
GeV.  A  single  proton  hitting  a  stationary  proton  would 


have  to  have  an  energy  of  450  GeV  to  produce  the  same 
center-of-mass  energy. 

Unfortunately  the  cross  sections  are  such  that  the  event 
rate  for  accelerator  beams  achievable  up  to  that  time 
would  be  impractically  low.  It  was  Kerst  who  observed 
that  with  the  intensity  achievable  with  stacked  beams, 
colliding  beam  experiments  become  practical.^ 

I  remember  being  invited  to  give  a  colloquium  on  this 
subject  at  the  University  of  Illinois.  When  I  mentioned 
colliding  beams,  the  audience  burst  out  laughing.  I  was 
somewhat  taken  aback  until  I  learned  later  that  the  week 
before  professors  Kerst  and  Kruger  had  shot  pea  shooters 
at  each  other  from  opposite  sides  of  the  stage. 

50  MEV  MODEL 

A  50  MeV  electron  model  was  constructed  which  first 
operated  in  1961.  (See  Figure  9.)  It  was  a  radial  sector 
machine  with  two  identical  magnets  in  each  sector,  with 
oppositely  directed  magnetic  fields.  It  was  first  pointed 
out  by  Ohkawa  that  particles  in  such  a  machine  can  cir¬ 
culate  in  either  direction,  and  that  the  orbits  are  closed 
because  they  are  at  larger  radii  in  the  positive  magnets. 
This  configuration  would  allow  colliding  beams  in  a  sin¬ 
gle  machine.  However  the  ratio  of  circumference  to  that 
for  a  uniform  field  is  about  8. 


Figure  9:  50  MeV  Model 


The  machine  was  successfully  operated  in  the  two-way 
mode.  However  most  of  the  experiments  were  performed 
in  a  one-way  mode  with  one  of  each  pair  of  magnets  ex¬ 
cited  to  a  higher  field  than  the  other.  In  case  we  had  trou¬ 
ble  crossing  the  transition  energy  at  1.13  MeV,  betatron 
cores  were  installed;  they  can  be  seen  in  the  figure.  How¬ 
ever  we  were  able  to  accelerate  over  the  transition  energy 
with  the  rf  cavity,  so  most  experiments  were  carried  out 
using  rf  buckets  from  the  injection  energy  (100  keV).  The 
green  cavity  on  the  right  powers  the  rf  accelerating  gap. 
We  had  to  make  up  for  radiation  loss  of  a  few  volts  per 
turn  in  the  stacked  beam.  Due  to  its  energy  spread,  we 
would  have  had  to  use  a  high  voltage  on  an  accelerating 
gap  in  order  to  trap  the  stacked  beam  in  a  bucket.  We 
therefore  chose  to  make  up  the  radiation  loss  by  phase 
displacement,  using  a  low  voltage  supplied  by  the  red 
cavity  on  the  left.  Its  frequency  was  modulated  so  as  to 
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move  an  empty  bucket  down  through  the  stacked  beam 
from  above. 

After  compensating  for  positive  ions  with  clearing 
electrodes,  and  compensating  for  instabilities  with  feed¬ 
back,  and  providing  compensation  for  the  effect  of  the 
stacked  beam  current  on  the  magnets,  we  succeeded  in 
staeking  abeam  of  over  10  amperes! 

OTHER  MURA  CONTRIBUTIONS 

FFAG  Cyclotrons 

Conventional  cyclotrons  cannot  accelerate  protons 
much  above  20  to  30MeV  because  of  the  decrease  in 
revolution  frequency  caused  by  relativistic  effects  and  by 
the  field  gradient  required  for  vertical  focusing.  Using  an 
FFAG  field,  one  can  let  the  magnetic  field  increase  with 
energy  at  such  a  rate  as  to  keep  the  revolution  frequency 
constant  up  to  a  much  higher  energy.  Many  FFAG  cyclo¬ 
trons  with  spiral  sector  geometry  have  been  constructed. 
Except  for  their  use  in  accelerator  experiments,  this  is  the 
only  practical  application  of  the  FFAG  accelerators. 

Instabilities 

The  MURA  working  group  made  analytical,  numerical, 
and  experimental  studies  of  space  charge  limits  and  col¬ 
lective  instabilities.  Carl  Nielson  called  our  attention  to 
the  negative  mass  instability.  A  detailed  theoretical  analy¬ 
sis  was  given  in  a  paper  at  the  1959  CERN  Symposium.^ 

THE  END 

Proposals 

During  its  thirteen  year  life,  MURA  submitted  some 
half-dozen  proposals  to  the  AEC  for  FFAG  accelerators  in 
the  10  to  20  GeV  range.  Some  emphasized  colliding 
beams  and  high  intensity  single  beams,  and  some  pro¬ 
posed  only  high  intensity  single  beams.  None  of  these 
proposals  was  approved. 

Why  did  MURA  fail? 

The  end  of  high  energy  FFAG  accelerators  was  a  result 
of  two  developments,  in  both  of  which  MURA  played  a 
role.  The  first  was  the  invention  of  the  storage  ring  by 
Lichtenberg,  Newton,  and  Ross'*  at  MURA  and  independ¬ 
ently  by  G.K.  O'Neill’  at  Princeton  and  SLAC.  Using 
many  of  the  techniques  proposed  by  MURA,  storage  rings 
were  a  much  cheaper  way  of  achieving  colliding  beams. 

The  second  development  was  he  invention  of  the  cas¬ 
cade  synchrotron.  In  1959  MURA  conducted  a  summer 
workshop  to  which  accelerator  and  high  energy  scientists 


were  invited  to  study  the  design  and  utilization  of  FFAG 
accelerators.  Mathew  Sands,  an  invitee,  chose  instead  to 
study  the  possibility  of  using  a  rapid  eycling  synchrotron 
to  inject  at  an  intermediate  energy  into  a  second  synchro¬ 
tron  for  further  acceleration.  He  was  able  to  show  that  this 
scheme  could  achieve  high  beam  intensities  not  much  less 
than  those  promised  by  FFAG,  and  at  much  lower  cost. 

FFAG  accelerators  would  have  worked  as  proposed,  but 
that  was  not  the  way  to  build  high  energy  machines. 

After  MURA 

In  1967  MURA  disbanded  and  sold  its  site  and  labora¬ 
tory  to  the  University  of  Wisconsin-Madison.  The  lab 
became  the  Physical  Sciences  Laboratory.  Ednor  Rowe 
built  a  small  storage  ring,  Tantalus,  initially  for  orbit 
studies,  but  later  converted  into  a  synchrotron  radiation 
source,  the  first  dedicated  synchrotron  radiation  source. 
Tantalus  began  the  Synchrotron  Radiation  Center.  An  800 
MeV  storage  ring,  Aladdin  was  later  added;  it  is  still 
serving  many  users  from  around  the  country  and  the 
world. 

Some  MURA  people  remained  at  PSL  and  SRC,  and 
some  went  to  Fermilab,  Berkeley  and  Brookhaven.  The 
location  of  Fermilab  in  the  Midwest  is  in  part  due  to  the 
activities  of  MURA. 

Conclusion 

Perhaps  it  is  a  good  idea,  if  we  want  to  maximize  pro¬ 
gress,  not  to  give  people  what  they  propose. 
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Abstract 

Thomas  Jefferson  National  Accelerating  Facility, 
Jefferson  Lab,  is  producing  24  Superconducting  Radio 
Frequency  (SRF)  cryomodules  for  the  Spallation  Neutron 
Source  (SNS)  cold  linac.  This  includes  one  medium-P 
(0.61)  prototype,  11  medium-P  production,  and  12  high 
beta  (0.81)  production  cryomodules.  After  testing  [1],  the 
medium-P  prototype  cryomodule  was  shipped  to  Oak 
Ridge  National  Laboratory  (ORNL)  and  acceptance  check 
out  has  been  completed.  All  production  orders  for  cavities 
and  cryomodule  components  are  being  received  at  this 
time  and  the  medium-P  cryomodule  production  run  has 
started.  Each  of  the  medium-P  cryomodules  is  scheduled 
to  undergo  complete  operational  performance  testing  at 
Jefferson  Laboratory  before  shipment  to  ORNL.  The 
performance  results  of  cryomodules  to  date  will  be 
discussed. 

INTRODUCTION 

Jefferson  Lab  has  started  production  of  the  24 
Superconducting  Radio  Frequency  (SRF)  cryomodules  for 
the  Spallation  Neutron  Source  that  is  being  built  at 
ORNL.  To  date  three  cryomodules  have  been  completed 
and  two  more  are  in  various  stages  of  completion. 
Production  schedule  includes  completion  and  testing  of 
one  medium  beta  cryomodule  approximately  every  three 
weeks.  Testing  plans  for  subassemblies  and  completed 
assemblies  are  in  place  to  support  this  schedule.  The 
testing  program  is  intended  to  support  design,  acceptance, 
and  operational  characterization  of  the  cryomodules. 
Critical  cryomodule  components  are  tested  at  sub- 
assembly  levels  prior  to  cryomodule  integration.  Testing 
of  the  completed  cryomodules  follows.  Currently,  three 
cryomodules  have  been  completed.  One  of  these  has 
completed  integrated  testing  in  the  Jefferson  Lab 
Cryomodule  Test  Facility  (CMTF),  and  the  second  is 
being  tested. 

SUB-ASSEMBLIES 

The  cost  of,  and  time  required  for,  disassembly  and 
rework  of  a  completed  cryomodule  is  prohibitive  and 
therefore  critical  sub-assemblies  must  be  qualified  prior  to 
integration  into  higher-level  assemblies. 
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Additionally,  lifetime  testing  is  required  for  some 
components  to  ensure  they  will  continue  to  be  operational 
over  the  40-year  life  required  for  SNS  accelerator 
systems.  Included  in  these  two  categories  are  the 
Fundamental  Power  Couplers  (FPC),  cavity  fi-equency 
tuners  for  lifetime  requirements,  and  the  SRF  cavities 
themselves. 

Fundamental  Power  Couplers 

SNS  cavities  use  a  coaxial  coupler  design  for  48  kW 
average  power  and  driven  by  a  550  kW  klystron  with 
1.3  ms  pulses  at  60  Hz[2].  All  FPC’s  are  processed  on  one 
of  two  warm  test  stands  [3].  Processing  includes  a  24- 
hour  vacuum  bake  resulting  in  vacuum  levels  ~  5  E- 
10  mbar  followed  by  RF  processing  to  1  MW  traveling 
wave  and  2.4  MW  standing  wave  power  levels  [4].  To 
date  21  FPC’s  have  been  processed  to  levels  required  for 
SNS  operations  with  no  difficulties 

Cavity  Frequency  Tuners 

The  SNS  timer  design  has  been  adapted  from  a  Saclay 
design  for  the  TESLA  cavities.  For  SNS  application  the 
requirements  are  listed  in  table  1.  To  achieve  these 
requirements  a  piezo  element  has  been  incorporated  into 
the  “dead  leg”  and  provides  the  required  fine-tuning 
adjustment.  The  tuner  assembly  is  shown  in  figure  1  with 
the  drive  train  on  the  top  left  and  the  piezo  element  on  the 
bottom  right. 


Figure  1.  SNS  Cavity  Tuner  Assembly 
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Prototype  timers  were  fabricated  and  tested  in  the 
Vertical  Test  Area  (VTA)  where  both  prolonged  test  cycles 
and  rapid  turn  around  are  possible.  A  complete  tuner 
assembly  was  mounted  to  a  mechanical  spring 
representative  of  a  cavity  load  at  maximum  tuning  force. 
This  assembly  is  place  in  an  evacuated  can  to  model  the 
cryomodule  insulating  vacuum  where  the  tuner  operates. 
A  linear  position  monitor  was  mounted  on  the  tuner 
assembly  and  used  to  measure  tuner  travel  during 
operation.  Initial  testing  of  the  tuner  included  cycling  over 
small  ranges  equivalent  to  4  kHz  and  16  kHz.  Initially  the 
tuner  performed  as  expected  but  at  the  end  of  the  first 
extended  period  of  operation  there  was  an  increase  in 
required  torque  from  the  motor  to  drive  the  tuner.  This 
was  thought  to  be  a  sign  of  wear  on  the  lead  screw.  The 
tuner  was  then  operated  through  its  entire  range  of 
motion,  equivalent  to  ~400kHz,  and  the  required  motor 
torque  returned  to  its  initial  value.  Subsequent  testing  has 
included  a  full  stroke  cycle  after  each  6  months  of 
equivalent  life  and  the  problem  has  not  returned.  A  total 
of  30  years  of  equivalent  life  has  been  accumulated. 


SNS  Cavity  Field  Flatness 


Figure  3.  Field  Flatness  Measurements  to  Date 


During  VTA  cold  testing  the  cavities  are  qualified  at 
2K.  To  date  16  cavities  have  been  qualified  which 
includes  the  measurement  of  cavity  Qo,  figure  4,  onset  of 
field  emission  (FE)  and  the  maximum  Eacc  and  is 
interpreted  as  ???.  Eacc  limitations  include  cavity  quench, 
field  emission,  and  RF  power  limitations. 


Mechanical 

Piezo 

Travel  (mm) 

1.8 

10-' 

Freq.  Range  (kHz) 

200 

2 

Freq.  Resolution  (Hz) 

60 

NA 

Load(N) 

8900 

15000 

Table  1.  SNS  Tuner  Requirements 


Cavities 

All  cavities  undergo  a  final  assembly  and  testing  at 
Jefferson  Lab  that  includes  warm  tuning,  installation  into 
helium  vessels,  and  qualification  in  the  VTA  prior  to 
being  assembled  into  a  cavity  string  and  then  into  a 
cryomodule.  Warm  tuning  is  performed  at  several  stages 
of  the  assembly  with  a  final  check  of  the  field  flatness 
after  the  helium  vessel  installation  process.  The  SNS 
requirement  for  cavity  field  flatness  is  <8%.  A  typical 
measurement  is  shown  in  figure  2  and  the  measurements 
to  date  are  shown  in  figure  3. 

MioRwet««»  ^  Munexajwj"''*” 


Figure  2.  Typical  Field  Flatness  Measurement 
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Eacc  Limit 

QOat  10  MV/m  I 

FE  Onset 

15  MV/m 

■HEiHHI 

9  MV/m 

Table  2.  Average  Values  from  VTA  Testing 

For  cavities  that  have  passed  qualification  testing,  average 
values  for  limiting  Eacc,  Qo  at  nominal  operating  gradient, 
and  onset  of  field  emission,  as  evidenced  by  the  start  of 
measurable  radiation,  are  listed  in  table  2.  VTA  testing  is 
also  monitored  for  trends  as  a  feedback  into  the 
production  process  and  process  charts  are  maintained. 
Process  charts  are  shown  in  figure  5  and  6. 


Figure  4.  Qo  vs  Eacc  for  SNS  Medium  Beta  Cavities 
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Figure  5.  Cavity  Eacc  Limit  Process  Chart 
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Figure  6.  Cavity  FE  Onset  Process  Chart 


INTEGRATED  CRYOMODULE 
PERFORMANCE 

During  integrated  cryomodule  testing  systems  are  in 
their  final  configuration  and  operated  at  2  K  using  low 
power  RF,  a  20  kW  CW  RF  source  and  1  MW  pulsed  RF 
source.  Testing  of  the  first  three  or  four  cryomodules  will 
include  a  larger  set  of  tests  to  include  design  and 
operational  characterization  that  will  be  eliminated  on 
subsequent  tests  where  acceptance  testing  is  the  goal. 
Additional  tests  will  be  required  as  issues  of  interest  are 
identified  throughout  production. 

Cryogenics 

The  SNS  cryomodule  incorporates  a  final  counter-flow 
heat  exchanger  into  the  cryostat  utilizing  the  sub- 
atmospheric  return  helium  gas  to  cool  the  primary  supply 
process  stream  before  the  J-T  valve  [5]  and  uses  a  bypass 
to  circumvent  this  during  cooldown.  A  typical  cooldown 
is  shown  in  figure  7.  The  cavities  are  cooled  at  a  rate  of 
-200  K/Hr  with  the  entire  process  taking  -8  hours  from 
opening  the  J-T  valve  to  the  start  of  liquid  collection.  Heat 
loads  for  the  primary  and  shield  circuits,  12  +  3  and 
130+10  watts  respectively,  are  measured  several  days 
after  cooldown  to  ensure  all  components  are  in  thermal 
equilibrium. 

Fundamental  Power  Coupler 

After  cooldown  of  the  cryomodule  the  FPC’s  for  all 
cavities  require  RF  conditioning.  Conditioning  is 


Figure  7.  Cryomodule  Cooldown 

accomplished  with  the  1  MW  RF  source  using  1.3  ms 
pulses  at  60  Hz  while  maintain  the  coupler  vacuum  below 
lO'^mbar.  RF  power  is  increased  to  180-250  kW  on  all 
cavities  with  a  typical  process  shown  if  figure  8.  After 
initial  conditioning  the  FPC’s  demonstrate  a  memory  of 
the  conditioning  and  do  not  require  reconditioning  during 
turn  on  after  days  of  non-operation  although  some  minor 
exceptions  have  been  observed. 


Figure  8.  FPC  Processing  with  Time  in  Hours 


Cavity  Frequency  Tuner 
Eight  tuners  have  been  tested  after  integration  into 
cryomodule  including  three  in  the  medium-P  prototype 
and  five  in  the  first  production  cryomodule.  During  the 
testing  of  the  prototype  cryomodule  the  tuners  performed 
as  expected  with  the  mechanical  and  piezo  tuners 
providing  in  excess  of  400  kHz  and  3  kHz  tuning  range 
respectively.  The  mechanical  tuner  performance  over  an 
abbreviated  range  and  the  piezo  tuner  resolution 
measurement  are  shown  in  Figures  9  and  10.  The  piezo 
tuner  was  not  part  of  the  initial  design  and  was  included  to 
allow  for  compensation  for  Lorentz  force  detuning  during 
pulsed  operations. 
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Cavity  Position  #2: 

Hysteresis  Loop  with  5  step  increments  (2  microsleps/step) 


•  Ulerotfeps 


Figure  9.  Mechanical  Tuner 

After  initial  fabrication  and  test  of  the  prototype  tuners 
a  production  run  for  the  medium  and  high  beta 
cryomodules  followed.  Identical  components  were 
procured  and  integrated  into  the  production  cryomodules 
without  subassembly  testing.  During  the  testing  of  MOl, 
the  first  medium-p  production  ciyomodule,  all  tuners 
worked  after  cooldown  but  two  mechanical  tuners, 
position  #1  and  #2,  started  to  operate 


ClnA  Tun«r  Wnlmun  RMOktUon  TMtCcvNy  ( 
MSMI?  MHt.  SJVpp  Pr  0<««« 

WMtfaMttfCWTrwnCtv  t  MAP  WKnvAVM  1  PZt  fMPMgn  « 


Figure  10.  Piezo  Tuner  Resolution,  ~  IHz 

intermittently  after  a  period  of  several  days  with  no 
operation.  The  third  tuner,  position  #3,  continued  to 
perform  as  expected.  The  two  problematic  tuner  drive 
assemblies  were  removed  and  replaced  with  assemblies 
that  had  been  qualified  in  the  VTA  using  the  life  cycle  test 
fixture.  Qualification  included  operations  over  the  full 
range  of  motion  as  well  as  periods  of  cold  soaking  to 
approximate  conditions  observed  in  the  MOl  cryomodule. 
After  a  second  cool  down  and  test  cycle  two  tuners. 
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position  #2  and  #3  operated  intermittently.  Cavity  position 
#1  has  operated  continuously  since  replacement. 

Investigation  into  the  source  of  the  tuner  problems  is 
underway.  The  suspect  components  are  in  the  drive 
assembly  and  include  the  cold  stepper  motor,  harmonic 
dnve,  lead  screw,  and  lead  screw  nut.  We  are  presently 
working  with  the  designers  and  vendors  to  identify  failure 
modes  and  solutions. 

Cavity  Performance 

During  testing  in  the  CMTF  cavity  performance  is 
characterized  including  Qo  and  FE  as  a  function  of  Eacc, 
maximum  E^^,  Qaxt  of  FPC’s,  HOM  damping,  HOM 
probe  rejection  of  fundamental  power,  and  identification 
of  cavity  mechanical  modes  using  Lorentz  force  and  the 
piezo  tuner  as  drivers.  The  cavities  have  all  performed 
above  specification  for  Qo,  Figure  11,  and  maximum  Eacc- 
Maximum  gradient  for  all  cavities  has  been  in  the  range 
of  15-20  MV/m  with  the  onset  of  FE  above  10  MV/m  for 
'A  of  the  cavities  and  no  measurable  radiation  for  the  other 
'A  of  the  cavities  at  maximum  gradient. 


A 

MB$p«c 

HBspee 

MB01P 

• 

CM  Cavity  2 

A 

CM  C4Vl^/ 1 

Figure  11.  Cavity  Qoin  Final  Assembly 


Considerable  attention  has  been  focused  on  the 
mechanical  modes  of  the  cavities  and  the  dynamic 
Lorentz  force  detuning  of  the  cavities  as  there  is  a  concern 
regarding  control  of  the  RF  during  pulsed  operations  [6]. 
Dynamic  Lorentz  force  detuning  is  measured  by  the 
cavity  frequency  shift  during  a  RF  pulse  while  operating 
at  the  SNS  design  of  a  6%  duty  factor  at  60  Hz  and 
operating  gradient  of  10.1  MV/m.  The  measured 
frequency  shift  of  ~300  Hz  is  below  the  requirement  of 
470  Hz.  The  frequency  shift  resulting  from  background 
microphonics  noise  is  also  measured.  Measurements  of 
the  first  mode  and  amplitude  for  MOl  are  included  in 
Table  3.  These  levels  are  well  within  requirements  for 
SNS. 


RMS  Background,  Hz 

1.1 

2.9 

1.3 

1“  Mechanical  Mode 

69 

60 

69 

Table  3.  MOl  Microphonics  Amplitude  and  1'‘  modes 


Measurements  of  the  mechanical  modes  are  done  both  by 
sweeping  the  modulation  frequency  of  an  amplitude 
modulated  cavity  gradient  and  piezo  excitation  voltage. 
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The  transfer  functions  for  these  are  shown  in  Figures  12 
and  13  where  the  x-axis  shows  the  frequency  of  the 
driving  term  and  the  y-axis  is  the  cavity  response 
amplitude. 


Figure  12.  Gradient  Modulated  Mechanical  Mode 
Mapping 
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Figure  13.  Piezo  Modulated  Mechanical  Mode  Mapping 


HOM  damping  is  measured  for  all  significant  modes  as 
well  as  the  rejection  of  the  fundamental  frequency  by  the 
pickup  probe.  HOM  mode  filters  achieve  Q’s  below  lO"* 
for  all  critical  modes,  meeting  the  SNS  requirements. 
Initial  Q  specification  for  the  HOM  filter  fundamental 
notch  filter  was  10‘^  but  has  been  reduced  to  3x10'“  and 
measured  values  range  from  ~5xl0'“  to  -5x10'“. 


SUMMARY 

The  performance  characterization  of  the  SNS 
cryomodules  has  included  testing  of  sub-assemblies  for 
more  than  4  cryomodules  and  2  final  assemblies,  the 
prototype  and  first  production  medium-P  ciyomodule. 
Cavity  performance  has  exceeded  Eacc  and  Qo 
requirements  for  all  qualified  components  and  completed 
assemblies  with  no  significant  change  in  performance 
between  VTA  and  ciyomodule  configurations.  A  focused 
testing  program  continues  to  characterize  ciyomodule 
performance  for  SNS  operations.  These  tests  will  continue 

*  Work  supported  by  the  U.S.  Department  of  Energy  under  contract 
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as  required  to  support  operations  at  SNS. 

There  are  problems  with  the  mechanical  tuners 
resulting  in  intermittent  operation.  The  suspect 
components  are  in  the  drive  train  that  can  be  replaced 
with  little  effort.  Replacement  of  the  tuner  drive 
assemblies  is  planned  after  rework  and  qualification  of 
assemblies  has  been  completed. 
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DEVELOPMENT  OF  ELECTROPOLISHING  TECHNOLOGY  FOR 
SUPERCONDUCTING  CAVITIES 

K.Saito^,  KEK,  1-1  Oho,  Tsukuba-shi,  Ibaraki-ken,  Japan 


Abstract 

In  this  paper,  a  brief  review  is  given  for  electro¬ 
polishing  (EP)  of  niobium  superconducting  (sc)  cavities. 
KEK  original  EP  method  is  introduced.  This  method  can 
produce  high  gradient  of  40MV/m,  which  will  be  the 
fundamental  limit  of  high  pure  niobium  sc  cavities.  A 
required  surface  smoothness  is  estimated  to  be  less  than 
2pm  in  order  to  prevent  field  enhancement  problem  in  sc 
cavity. 

ELECTROPOLISHING  OF  NIOBIUM 
CAVITIES 

Surface  preparation  is  one  of  major  issues  for  super¬ 
conducting  (sc)  RF  cavities.  Unloaded  Q-value  (Qo)  of  sc 
cavities  is  in  a  range  of  lO’  -  lO"  and  higher  than  6 
orders  of  magnitude  than  normal  conducting  cavities. 
Surface  defects  or  surface  contaminations  make  bad  effect 
so  sensitively  on  the  RF  sc  performances:  high  Q  and 
high  gradient. 

So  far,  chemical  polishing  (CP)  or  electropolishing  (EP) 
has  been  used  as  the  main  preparation  method  for 
niobium  cavities.  As  seen  in  Fig.l,  EP  produces  a 
smoother  surface  than  CP.  Levelling  mechanism  in  EP  is 
illustrated  in  Fig.2.  Electropolishing  a  metal  as  an  anode, 
the  electro-chemical  reaction  generates  a  liquid  layer  by 
the  viscous  complex  salt  near  the  surface.  At  peaks,  anode 
current  concentrates  more  than  bottoms  due  to  the  smaller 
electric  resistivity  with  the  thin  liquid  layer  and  that 
results  in  levelling  process.  P.A.Jacquet  [1]  invented  EP 
method  in  1935.  He  foimd  out  that  a  plateau  region 
appears  in  current  density  (see  Fig.2  right)  and  plays  an 
important  role  in  EP  process. 


In  the  early  feasibility  study  of  sc  cavities  in  1960- 
1975''',  people  were  of  great  interest  in  EP  and  many 


Figure  1:  Siuface  roughness  of  niobium  by  EP  or  CP. 


Figure  2;  Principle  of  levelling  process  in  electro¬ 
polishing  (left)  and  plateau  in  current  density  in 
electropolishing  (right). 


efforts  took  place.  A  most  famous  work  was  done  by 
H.Diepers  et  al.  in  Siemens  Company  using  the  EP  acid 
consisted  of  sulfuric  acid  and  hyi-ofluoric  acid :  H2SO4 
(>93%) :  HF  (40%)  =  10  :  85  VtW  in  collaboration  with 
KfK  Karlsruhe  in  1971  [2].  They  developed  that  the 
optimum  EP  condition  of  niobium  is  not  in  the  plateau 
current  density  but  current  oscillation  as  shown  in  Fig.3. 
The  current  oscillation  reflects  building  up  and  partial 
decrement  of  oxide  film  on  niobium  surface.  It  decays  in 
a  few  minutes  after  switching  on  voltage.  In  order  to 
recover  the  oscillation,  one  has  to  agitated  EP  acid  or  to 
move  cavity  in  switch  off.  Thus,  their  method  results  in 
intermittent  EP.  Combining  this  method  with  heat 
treatment  and  oxypolishing  (OP),  B.Hillenbrand  et  al. 
achieved  1490  Gauss  in  RF  surface  peak  magnetic  field 
(Hp)  with  an  x-band  TMqio  cylindrical  niobium  cavity  [3]. 
This  number  corresponds  to  the  accelerating  field  gradient 
(Eacc)  of  34MV/m.  Its  reproducibility  was  poor  but  it 
should  be  emphasized  the  high  gradient  performance  by 
EP  was  already  demonstrated  in  the  pioneer  studies. 

For  multi-cell  structures,  A.Reuth  and  O.Schmidt  in 
Siemens  Company  invented  a  rather  realistic  EP  system 
based  on  the  current  oscillation  control  in  1977  [4].  In 
their  method,  a  cavity  is  set  horizontally  in  an  acid  bath. 
EP  acid  is  filled  up  to  a  half  level  of  the  cavity  through  a 
cathode  tube  set  in  it.  Voltage  is  applied  to  the  cavity  for 
several  minutes  resting  it  until  the  current  oscillation 
decreases.  Then,  switching  off  the  voltage,  EP  acid  in  the 
cavity  is  agitated  by  pump  acid  circulation  to  remove  the 


Figure  3:  Current  oscillation  appeared  in  EP  of  niobium. 
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oxide  film  on  the  surface.  Thereafter,  the  cavity  is  rotated 
slightly  and  the  voltage  is  applied  again.  Such  a  process  is 
repeated  up  to  the  required  material  removal.  In  this 
method,  hydrogen  gas  generated  during  EP  escapes  out 
easily  through  openings  at  the  beam  tube  ends.  However, 
this  method  was  never  used  in  their  further  R&D.  EP  was 
very  complicate  than  CP.  In  those  days,  CP  was  getting 
enough  high  cavity  performance  and  many  laboratories 
had  preferred  CP  to  EP  except  for  KEK. 

Hydrogen  increases  seriously  surface  resistance  of  sc 
niobium  cavities.  S.Isagawa  in  KEK  investigated  this 
problem  in  1979  [5].  He  pointed  out  that  hydrogen  is 
picked  up  niobium  material  during  chemical  process  like 
CP  or  EP  and  degrades  the  sc  RF  property.  Hydrogen 
degassing  is  crucial  to  get  excellent  cavity  performance. 

Y.Kojima  and  T.Furuya  et  al.  in  KEK  followed  the 
current  oscillation  control  at  500  MHz  single-cell  cavities 
with  a  belief  in  a  benefit  of  the  smoother  surface  by  EP. 
They  developed  a  cathode  bag  made  of  porous  Teflon 
cloth  to  prevent  hydrogen  bubble  attacking  the  cavity 
surface  during  EP.  They  reconfirmed  that  the  process 
combined  EP,  OP  and  heat  treatment  produces  a  good  sc 
cavity  performance  in  1982  [6].  However,  using  this  KEK 
standard  method  for  a  multi-cell  structure,  it  did  not 
produce  such  an  expected  performance  due  to  poor 
electropolishing  around  equator  section  of  the  cavity  and 
by  the  imperfect  hydrogen  cure  [7]. 

K.Saito  et  al.  developed  the  horizontally  rotating 
continuous  electropolishing  method  (HRC-EP)  for  multi¬ 
cell  cavity  in  1986  as  described  in  next  section.  He  took 
Reuth’s  horizontal  EP  method  but  the  EP  condition  was 
not  in  the  current  oscillation.  HRC-EP  produced  high 
performance  very  reliably  in  TRISTAN  508  MHz  5-cell 
cavities.  To  date  using  this  method  with  L-band 
(1300MHz)  single-cell  cavities,  KEK  has  reached 
Eacc~40MV/m  with  a  high  probability.  Now  HRC-EP  is 
regarded  as  the  breakthrough  technology  for  TESLA-800. 

DEVELOPMENT  OF  HRC-EP 

In  1985,  KEK  was  preparing  sc  cavity  production  for 
TRISTAN  energy  upgrade  program.  They  needed  a  new 
EP  method  to  guarantee  high  cavity  performance,  in 
addition,  to  be  suitable  for  the  mass  production. 
Siemens’s  method  seemed  to  be  inconvenient  because  the 
quantitative  control  of  current  oscillation  was  hard.  The 
resultant  intermitted  EP  procedure  was  too  complicate. 
K.Saito  searched  other  EP  parameters  easy  in  quantitative 
control  and  found  out  that  EP  condition  of  niobium  is  not 
always  in  current  oscillation  but  current  density  of 
30~100mA/cm^  as  shown  in  Fig.  4  ,  and  at  the  acid 
temperature  between  20°C  and  35°C.  In  addition,  he 
considered  about  continuous  EP  method  against  hydrogen 
problem.  If  niobium  on  anode  is  continuously  applied  a 
voltage,  hydrogen  ions  (H^  will  not  be  picked  up 
niobium  by  the  potential  barrier.  The  following  chemical 
reaction  occurs  in  EP  : 

2Nb  +  lOHF  +  2H2O  ^  2H2NbOF5  -H  5H2  t  (1). 
As  mentioned  in  Fig.  2  ,  the  liquid  layer  (niobium- 


fluorine  complex)  generated  near  the  cavity  siuface 
governs  the  EP  finishing.  A  balance  between  its 
generation  and  dissolving  into  the  acid  would  determine 
the  EP  condition.  Making  a  continuous  mild  agitation,  the 
balance  might  keep  a  good  EP  condition.  This  agitation 
can  be  supplied  by  a  slow  continuous  cavity  rotation.  He 
combined  this  idea  to  Reuth’s  horizontal  EP  method  and 
innovated  the  HRC-EP.  KEK  and  Nomura  Plating 
developed  the  HRC-EP  method  in  a  close  collaboration. 
The  details  are  seen  in  the  reference  [8]. 


Figure  4:  Optimum  current  density  of  niobium  EP. 


HRC-EP  is  presented  in  Fig.5.  EP  acid  overflows  firom 
open  mouths  on  the  rotary  sleeves,  and  retimes  by  gravity 
in  a  reservoir  tank  with  a  heat  exchanger  cooling  the 
solution.  Acid  pumping  speed  into  cavity  depends  on  the 
cavity  surface  areas  and  is  60  l/min.  for  the  TRISTAN 
508  MHz  5-cell  cavities.  A  porous  Teflon  bag  cut  open  at 
the  bottom  side  covers  the  cathode  made  of  pure 
aluminium  tube.  This  system  has  many  advantages  than 
Reuth’s  method.  1)  EP  acid  is  closed  in  the  system,  thus 
the  system  becomes  very  safe  against  the  hazardous  EP 
solution.  2)  Only  the  inside  surface  is  polished.  It 
prolongs  the  life  of  EP  solution.  3)  Even  the  simple 
straight  cathode  structure  can  get  enough  current  density 
because  that  only  half  of  the  cell  surface  immerses  in  EP 
solution  increases  the  anode  effective  surface.  Thus  one 
can  obtain  a  good  polishing  in  all  inner  surfaces.  4)  The 
control  is  much  easy  due  to  the  continuous  EP.  5)  OP  is 
no  needed.  That  made  the  preparation  very  simple. 
Prevention  of  hydrogen  problem  by  continuous  potential 
control  was  just  recently  confirmed  [9].  When  niobium 
surface  has  a  damage  layer  like  by  mechanical  grinding, 
the  potential  control  has  no  help  against  hydrogen  [10].  In 
TRISTAN  sc  cavity  production,  we  made  buffing  all  half¬ 
cells  and  the  potential  control  did  not  work.  Therefore  the 
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Figure  5:  Horizontal  rotated  continuous  electro-polishing. 
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all  TRISTAN  sc  cavities  (32  eavities)  were  heat  treated  to 
degas  hydrogen.  The  average  field  gradient  of  9.6  ±1.4 
MV/m  and  Qo=2.8  ±  0.2  at  5  MV/m  @4.25  K  were 
obtained  in  the  vertieal  test.  In  that  time,  this  performance 
was  high  comparing  with  other  laboratory,  for  Instance 
DESY-HERA. 

SUPERIORITY  OF  EP  WITH 
HIGH  GRADIENT 

After  the  TRISTAN,  KEK  L-band  group  started 
TESLA  activity  since  1990.  One  issue  of  this  activity  was 
to  establish  high  gradient  technology  over  30MV/m  based 
on  TRISTAN  sc  cavity  technique.  Let’s  see  the  past  10 
years  history  in  Fig.6.  This  graph  shows  the  achieved 
highest  gradient  in  each  year  with  L-band  single-cell 
niobium  cavities.  Until  1994  a  steady  improvement  is 
seen  by  several  developments:  high  purity  niobium 
material,  1400°C  high  temperature  aimealing  (HT),  high 
peak  power  processing  (HPP).  In  1995,  hl^-pressure 
water-rinsing  method  (HPR)  innovated  by  D.Bloess  in 
CERN  [11]  was  routinely  used  for  L-band  cavities  by 
K.Saito  [12]  and  P.Kniesel  [13].  HPR  can  remove  particle 
contamination  on  cavity  surface  very  efficiently  and 
results  in  elimination  of  field  emission  problem.  Thus, 
HPR  brought  the  jump  in  1995.  Since  then  gradient  looks 
to  be  saturated  around  40MV/m.  Here  it  should  be 
emphasized  that  40  MV/m  was  achieved  almost  by  EP 
except  for  two  results  by  P.Rneisel  in  Fig.  6  (■  Nb  bulk 
cavity,  BNb/Cu  clad  cavity),  which  were  obtained  by  CP. 
Today,  we  have  3  results  with  40MV/m  by  CP  including 
more  recent  result  in  Saclay  [14].  CP  can  achieve 
40MV/m  but  the  probability  is  very  low. 

These  results  open  several  questions:  1)  has  EP 
superiority  with  high  gradient,  2)  why  40MV/m,  and  3)  is 
the  saturation  in  high  gradient  by  technology  reason  or 
ftmdamental  field  limitation,  so  on.  The  first  question 
was  answered  by  a  hard  work  in  KEK  L-band  group  in 
1997  [15].  The  other  questions  will  be  answered  later  in 
this  paper.  Fig.7  shows  a  more  recent  clear  result  on  the 
superiority  of  EP  by  E.Kako  in  KEK  [16].  It  was  done 
using  a  cavity  (S-3)  fi-om  Saclay  with  RRR=230  and 
none  annealing.  The  gradient  upgraded  to  38  MV/m  by 
the  second  EP.  Then  switching  to  CP,  field  emission  like 


Date  (Year) 

Figure  6:  Review  of  the  high  gradient  in  last  10  years. 


Q-degradatlon  (called  as  Q-slope)  appeared  and  the 
gradient  degraded  to  24  MV/m  by  the  second  CP.  Taking 
successive  EPs,  the  Q-slope  has  disappeared  and  the 
gradient  improved  to  40  MV/m.  This  fact  shows  a  clear 
superiority  of  EP  over  CP  with  high  gradient.  Similar 
results  were  reported  fi-om  Jlab/KEK  [17]  and 
DESY/CERN/Saclay  collaboration  [18].  Q-slope  really 
appears  in  electropolished  cavities  too.  It  disappears  by 
120°C  baking  during  vacuum  evacuation  [19]  but  in  case 
of  CP  it  still  stays  even  taking  bake. 

J.Knobloch  calculated  the  field  enhancement  at  grain 
boundary  step  (~10  nm)  on  electron  beam  welded  seam 
on  cavity  equator  section  in  order  to  explain  the  Q-slope 
in  chemically  polished  cavities  [20].  His  conclusion  is 
that  a  field  enhancement  factor  about  2  can  easily  happen 
on  such  a  grain  step,  and  the  critical  field  reduces  to  the 
half  of  the  smooth  surface.  The  critical  field  with  niobium 
sc  cavity  is  40MV/m  as  discussed  later,  therefore  in 
chemical  polished  cavity,  the  superconductivity  is  locally 
broken  around  Eacc=20MV/m  and  resulting  in  Q-slope. 


Eacc  [MV/m] 

Figure  7:  Evidence  of  the  superiority  of  EP  over  CP  with 
high  gradient  performance. 

HIGH  GRADIENT  WITH 
MULTI-CELL  CAVITIES 

Next  question  is  whether  the  superiority  of  EP  can 
realize  in  multi-cell  cavity.  We  have  confirmed  it  by 
collaborations  with  Jlab  and  DESY.  Fig.8  shows  the 
recent  result  in  DESY  collaboration.  High  gradient 
performance  is  required  for  TESLA  application.  DESY 
current  preparation  is  a  combination  of  1400°C  hot 
annealing  to  purify  niobium  material  by  titanium  getter, 
CP,  and  HPR.  Their  results  by  this  process  are  shown  in 
Fig.8  by  hatched  area  [21].  The  specification  of  TESLA- 
500:  Eacc=23.5  MV/m  @  Qo=lxl0’'’  is  well  satisfied. 
However,  the  TESLA-800  specification:  Eacc=35  MV/m 
@  Qo=5  X  1  o’  is  in  a  far  way. 

New  TTF  9-cell  cavities  were  electropolished  in  KEK 
(Nomura  Plating)  and  tested  in  DESY.  First  results  are 
presented  in  Fig.8  (A,#,l).  35MV/m  was  achieved  in 
four  cavities  (one  result  is  not  presented  in  Fig.8)  and  the 
superiority  of  EP  is  clearly  reconfirmed  with  TTF  9-cell 
cavities.  Now,  HRC-EP  is  the  breakthrough  technology 
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for  TESLA-800.  The  technology  transfer  is  under  way 
from  KEK  to  DESY  or  Jlab. 
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Figure  8:  Results  of  electropolished  TTF  cavities. 


CRITIAL  FIELD  OF  NIOBIUM  CAVITY 

Here,  let’s  discuss  why  the  gradient  is  limited  around 
40MV/m  with  high  pure  niobium  sc  cavities.  One 
candidate  of  the  fiind^ental  field  limitation  in  sc  RF 
application  is  superheating  [22].  By  this  hypothesis 
critical  field  (Hsh)  at  a  temperature  T  is  given  from  an 
energy  valance  in  a  metastable  state  between  a  flux 
nucleation  and  sc  condensation: 

^  \h(r)Hl(r)=mHl{T)  (2). 

Here,  Xl  is  London  penetration  depth,  %  coherent  length 
and  He  thermo-dynamical  critical  field.  The  factor  1/2  of 
the  left  hand  in  eq.(2)  comes  from  the  effective  AC  field 
(Hsh/V” 2).  Superheating  is  based  on  G-L  theory,  which  is 
available  to  the  band-gap  energy  close  to  zero.  Here,  this 
condition  will  be  satisfied  because  the  considered 
magnetic  field  is  close  to  He.  Temperature  dependences 
of  A,l,  ^  were  calculated  from  Hc2(T)  and  Hc(T) 
measurement  results  with  Tokyo  Denkai  niobium  material 
(RRR=400)  using  the  relationships  by  G-L  theory  [23] : 

=  2.07- 1 0"’ GauMcW^  (3). 


0  2  4  6  8 

Temperature  [  K  ] 

Figure  9:  Temperature  dependence  of  Xl  and  | . 


On  the  other  hand,  by  the  theory  (high  purity  limit  with 
temperature  dependences  of  Xl  and  ^  are  expected  as 
following:  ^  ^  =  4^  ,  /  =  ^  (4)- 

Vi-r4  Vl-/ 

As  seen  in  Fig.9,  the  calculated  Xl  and  ^  from  experiment 
results  are  nicely  fitted  by  eq.(4).  As  the  theoretical 
temperature  dependence  of  He  is: 


//c(0  =  ^fc(0)-(l-O 


(5), 


so  the  theoretical  temperature  dependence  of  Hgh  is  : 

(«■ 

On  the  other  hand,  for  niobium  sc  cavities,  Hsh(T)  was 
directly  calculated  from  the  data  in  Fig.9  [24]  and 
presented  in  Fig.  10  by  solid  line.  Critical  fields  (Hcf)  at 
various  temperatures  of  niobium  sc  cavity  were  nicely 
measured  at  Cornell  University  by  short  pulse 
measurement  method  (■)  [25].  These  data  are  presented 
in  Fig.  10  with  KEK  CW  measurement  results  (O).  Hsh(T) 
fits  well  all  the  date  over  the  temperature  range  between 
1.5K  and  8.5K.  It  should  be  emphasized  that  only  Hc(T) 
or  HciCT)  can  not  fit  all  the  data  satisfactorily  [25].  Hsh  is 
asymptotic  to  1800  Gauss  below  3K  (t=0.32),  which 
corresponds  to  Eacc  =  41  MV/m.  This  value  explains  the 
saturation  of  the  gradient  around  40MV/m  in  high  purity 
niobium  sc  cavities. 

In  order  to  reconfirm  this  analysis,  Hcf(T)  on  NbsSn  (A) 
or  Pb  (•)  cavity  [25]  was  parameter  fitted  by  eq.(6) 
(dotted  lines)  in  Fig.  10.  Good  fittings  were  obtained. 
From  this  analysis,  one  will  realize  that  high  gradient  of 
sc  cavities  has  come  to  the  fundamental  limitation  by 
superheating.  As  seen  in  eq.(6),  Hsh  depends  on  Kgl(=  1/ 
■f  2  •  Xi/^).  For  niobium  cavity,  beyond  40MV/m  might 
be  possible  by  kgl  moderation  [26]  or  new  cavity  design 
reduced  Hp/Eacc  ratio.  If  Hp/Bacc=40  Gauss/(MV/m), 
45MV/m  is  possible. 


Figure  10:  Critical  RF  fields  (Hc^  of  sc  cavities  and  Hsh. 


SURFACE  ROUGHNESS 

In  the  section  3  one  would  understand  the  importance  of 
the  cavity  surface  smoothness  for  high  gradient 
performance.  Here  let’s  evaluate  quantitatively  the 
required  surface  smoothness  analyzing  Q-slope.  In  the 
presence  of  RF  field,  surface  resistance  (I^)  of  our 
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niobium  cavities  with  Hp/Eacc=43.8  Gauss/(MV/m)  will 
be  written  as  following  [27]: 

Rs(Eacc)  =  RgcsiEacc)  +  R^^s 


_ ^  r  B  I  f43.8£acc]^ 

r+C-facc  ®  Pf  T+C-Eacc'yl~^T^j  f^)- 

A  factor  l/^/~2  front  of  He  in  eq.  (7)  comes  from  the  AC 
effective  field.  A,  B  and  Rres  are  obtained  by  the 
temperature  dependence  measurement  of  Rs  at  low  field. 
C  •  Eacc  term  in  eq.(7)  appears  by  heat  stay  effect  on  the 
RF  siuface  due  to  the  poor  thermal  conductivity  in  sc 
state.  In  our  case  these  values  are  A=1.45E-4,  B=18.6. 
Rres  =2~10nQ,  and  C  =  (3~5)E-3.  When  fixed  A,  B  and 
Rs  to  the  experimental  values,  eq.(7)  includes  two  free 
parameters  :  C  and  He.  Fig.  11  shows  the  fitting  results 
with  a  cavity  performance  by  EP  or  CP.  Eq.(7)  nicely  fits 
both  results  with  reasonable  He  value;  Hc=2230  Gauss 
for  EP  smooth  surface.  For  the  enough  electropolished 
surface,  the  resultant  He  is  the  real  thermo-djmamic 
critical  magnetic  field  because  no  field  enhancement 
happens.  Remembering  Knobloch’s  simulation,  the 
resultant  He  value  (954  Gauss)  in  CP  will  include  a  field 
enhancement  effect.  The  ratio  of  2230/954=2.34  is 
considered  as  a  field  enhancement  factor  due  to  the  rough 
surface  by  CP  finishing. 

If  one  approves  this  analysis,  one  can  obtain  a 
relationship  between  surface  roughness  and  the  field 
enhancement  factor.  We  have  data  with  successive 


•♦‘Saclay  cavity:  EPI20nm  +  Bake  f 
•‘^•Saclay  cavity:  CPI30|im  +  Bake  f 


Eacc  [MV/ml 

Figure  1 1 :  New  Q-sIope  analysis. 


Surface  roughness :  Rz  [|im| 

Figurel2:  Estimated  surface  roughness  versus  the  field 


material  removals  and  the  Qo-Eacc  excitation  curves,  for 
instance  Fig.7.  We  can  deduce  the  field  enhancement 
fitting  each  Qo-Eacc  excitation  curve  by  eq.(7).  In 
addition,  we  know  the  surface  roughness  from  the 
relationship  between  the  material  removal  and  the  surface 
roughness  in  Figl.  Thus,  we  obtained  Fig.l2.  The  detail 
will  be  presented  somewhere  else.  This  result  is  a 
preliminary  one  but  suggests  the  surface  roughness  should 
be  less  than  2pm  (Rz)  to  prevent  RF  field  enhancement  in 
sc  cavities.  The  roughness  of  coarse  will  depend  on  the 
RF  frequency. 

SUMMARY 

We  have  identified  EP  is  an  excellent  technology  for 
high  gradient  sc  cavities  by  the  smooth  surface  finishing 
TESLA-800  is  ready  if  one  applies  EP.  High  gradient  of 
sc  high  purity  niobium  cavities  is  limited  40MV/m  by 
fundamental  limitation:  superheating  field.  Still  beyond 
40  MV/m  might  be  possible  choosing  new  cavity  shape  or 
by  the  moderation  of  kql  of  niobium  material.  The 
required  surface  smoothness  will  be  less  than  2pm  in  Rz 
to  prevent  field  enhancement  with  1300MHz  sc  cavities. 
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Abstract 

After  three  years  of  preparation,  two  superstructures, 
each  made  of  two  superconducting  7-cell  weakly  coupled 
subunits,  have  been  installed  in  the  TESLA  Test  Facility 
linac  (TTF)  for  the  cold-  and  beam  test.  The  energy 
stability,  the  HOMs  damping,  the  frequency  and  the  field 
adjustment  methods  were  tested.  The  measured  results 
confirmed  expectation  on  the  superstmcture  performance 
and  proved  that  alternative  layout  for  the  800  GeV 
upgrade  of  the  TESLA  collider,  as  it  was  proposed  in 
TDR  [1],  is  feasible.  We  report  on  the  test  and  give  here 
an  overview  of  its  results  which  are  commented  in  more 
detail  elsewhere  in  these  Proceedings. 

INTRODUCTION 

The  superstmctures  (SSTs),  chains  of  superconducting 
multi-cell  cavities  (subunits)  connected  by  1J2  long 
tube(s)  have  been  proposed  as  an  alternative  layout  for  the 
TESLA  main  accelerator.  This  concept  is  discussed  in 
more  detail  in  [2,  3].  We  re-call  here  two  main  advantages 
of  the  layout  in  comparison  to  the  standard  one,  based  on 
9-cell  cavities.  The  first  economical  advantage  is  that 
stmctures  made  of  more  cells  will  reduce  the  number  of 
the  Fundamental  Power  Couplers  (FPC)  in  the  linac. 
Consequently,  the  number  of  all  auxiliaries  needed  to 
distribute  the  RF  power,  like:  waveguides,  bends, 
circulators,  3-stub  transformers,  loads  etc.,  can  be  reduced 
too.  In  addition,  the  layout  reduces  the  amount  of 
electronics  controlling  phase  and  amplitude  of  cavities  in 
the  linac  and  simplifies  the  design  of  cryomodules  due  to 
less  openings  for  the  FPCs.  The  second  advantage  is  the 
increased  filling  of  the  linac  tunnel  with  accelerating 
stmctures,  since  the  distance  between  subunits  is  V2  only. 
The  space  saving  can  be  significant  and  in  the  case  of  here 
discussed  versions  of  SSTs  it  amounts  to  -1.8  km.  The 
first  superstmcture  (SST-I),  as  it  has  been  proposed  in  [2], 
was  meant  to  be  made  of  four  7-cell  cavities.  We  have 
built  a  Cu  model  of  this  version  and  six  Nb  7-cell 


Parameter 

SST-I 

SST-II 

Number  of  cells  in  subunit 

7 

9 

Number  of  subunits 

4 

2 

(R/Q)  per  subunit 

[£2] 

732 

985 

^pealc^  Eacc 

2 

2 

Bpeak/  Ea„e  [mT/(MV/m)] 

4.2 

4.2 

^active 

[m] 

3.23 

2.08 

subunits.Meanwhile,  a  2x9-cell  version  (SST-II)  was 
studied  and  was  found  to  be  more  attractive  for  the 
TESLA  collider.  This  version  keeps  the  same  fill  factor  of 
the  tunnel  as  the  first  one.  SST-II  is  shorter  and  its 
production,  cleaning  and  handling  will  be  easier.  Savings 
in  the  investment  cost  are  of  the  same  order  for  both 
superstmctures.  The  RF  parameters  of  both  versions  are 
listed  in  Table  1. 


PREPARATION  OF  THE  TEST 

2x7-cell  prototype 

We  have  “split”  the  4x7-cell  prototype  in  two  2x7-cell 
prototypes.  The  main  argument  to  split  the  prototype  of 
SST-I  was  similarity  in  the  RF-properties  of  the  2x7-cell 
and  the  favorable  2x9-cell  versions.  The  computed  bunch- 
to-bunch  energy  variation  for  all  bunches  in  the  TESLA 
macro-pulse  (HOMDYN  [4])  was  very  similar,  ±  5- 10'^ 
for  2x9-cell  and  ±  3T0'*  for  2x7-cell  version.  The  scheme 
of  the  Higher  Order  Modes  (HOM)  suppression  in  both 
versions  is  very  similar  also  and  is  based  on  the  HOM 
couplers  of  the  same  type  as  those  used  for  standard  9-cell 
TTF  cavities.  The  conclusion  was  that  the  beam  test  of 
already  existing  7-cells  subunits  assembled  in  two  2x7- 
cell  prototypes  will  tell  us  more  about  the  favorable 
SST-II  superstmcture,  will  benchmark  our  computation 
and  will  give  finally  twice  as  much  statistics  for  the 
measured  results. 
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TTF  Linac 

Both  2x7cell  superstructures  were  assembled  into  a 
spare  cryomodule  and  installed  in  the  TTF  linac  next  to 
the  injector.  The  bunch-to-bunch  energy  measurement  at 
the  end  of  the  linac,  which  was  the  main  purpose  of  the 
experiment,  was  performed  by  means  of  the  spectrometer 
dipole  with  two  BPMs  at  its  front  and  one  BPM  behind  it. 
The  highest  estimated  energy  measurement  accuracy  was 
better  than  2- 10"^.  Due  to  a  very  intense  experimental 
program  at  the  TTF  linac  in  the  year  2002,  a  second 
cryomodule,  housing  eight  9-cell  cavities,  has  been 
installed  for  a  long-term  performance  test  simultaneously 
with  the  superstructures.  The  presence  of  this  cryomodule 
had  consequences  for  the  test  as  discussed  below. 

THE  TEST 

Balance  of  the  stored  energy  in  subunits 

The  field  profiles  of  the  accelerating  mode  of  both 
superstructures  have  been  measured  with  the  help  of  the 
bead-pull  (perturbation)  technique  before  the  final 
chemical  treatment  and  the  final  high  pressure  water 
rinsing.  Both  prototypes  (PI,  P2)  had  a  good  field 
flatness,  better  than  92  %  and  94  %,  respectively.  As 
usual,  after  final  preparation  and  cool-down  there  is  no 
more  possibility  to  use  a  bead  for  the  field  measurement. 
Still,  one  can  apply  the  perturbation  method  to  balance  the 
mean  gradient  in  both  subunits  using  the  cold  tuners 
instead  of  a  bead  to  perturb  the  e-m  fields.  For  this,  the 
cold  tuner  of  each  subunit  was  moved  by  1000,  2000  and 
5000  steps  and  for  each  position  the  frequency  change  of 
the  7t-0  mode  was  measured.  Then,  the  final  positions  of 
the  tuners  were  chosen  to  maintain  exactly  f=  1.3  GHz  of 
the  7t-0  mode  and  simultaneously  to  ensure  that  the  change 
of  frequency  is  the  same,  when  the  tuners  are  moved  by 
the  same  number  of  steps.  The  final  status  of  the 
prototypes  was  cross-checked  in  the  following  way.  We 
compared,  for  each  cold  prototype,  the  fundamental 
passband  frequencies  with  the  frequencies  measured  at 
room  temperature  when  the  bead-pull  method  showed  the 
best  achievable  field  profile.  The  deviation  from  an  ideal 
linear  shift  of  frequencies  is  a  very  good  indicator  of  any 
change  in  the  profile.  The  measured  deviation  for  both 
prototypes  was  very  small,  below  8- 10  *  and  we  concluded 
that  profiles  remained  unchanged  after  the  final 
preparation  and  after  the  cool-down. 

Energy  gain  stability 

This  experiment  was  the  “proof  of  principle”  test.  Our 
mam  concern  was  the  energy  flow  via  very  weak  coupling 
between  subunits.  The  stability  of  the  energy  gain  for  all 
bunches  in  the  train  means  that  the  cells’  stored  energy  is 
refilled  in  time  between  two  consecutive  bunches.  The  test 
was  performed  in  two  parts.  In  the  first  one,  we  subjected 
the  prototypes  to  a  slow  decay  of  the  stored  energy  during 
the  acceleration.  In  the  second  part  we  measured  directly 
bunch-to-bunch  energy  modulation  at  the  end  of  the  linac. 


In  this  test  both  prototypes  were  operated  very  reliably  at 
15  MV/m.  The  operation  of  the  injector,  with  the  smallest 
charge  fluctuation  of  2.8  %  within  the  macro-pulse,  was 
possible,  when  the  bunch  charge  did  not  exceeded  4  nC. 
We  chose  the  bunch  spacing  of  tb  =  1  /rs  to  meet  the 
highest  sampling  rate  of  the  implemented  BPMs’ 
electronics.  The  rise  time  of  e-m  fields  resulting  from  the 
matched  Qioad  value  was  790  iis,  and  the  longest  beam  on 
time  was  limited  to  530  |is  by  the  klystron  pulse  length. 
Each  prototype  has  been  equipped  with  four  field  probes, 
placed  one  near  each  end-cell.  They  were  used  to  monitor 
the  field  strength  during  the  acceleration.  An  example  of 
measured  signals  is  shown  in  Fig.  1.  Without  the  energy 
re-filling  the  beam  would  take  almost  70%  of  the  energy 
stored  in  the  cells  and  the  voltage  would  drop  by  45  %. 
No  such  phenomenon  was  observed.  All  signals  had  noisy 
fluctuations.  The  strongest  oscillation  was  at  250  kHz.  It 
was  caused  by  down-converters  of  the  low  level  RF- 
system  controlling  the  phase  and  the  amplitude  of 
accelerating  fields.  We  found,  in  the  second  part  of  the 
experiment,  six  more  oscillations  caused  by  the  feedback 
loops.  The  Fourier  transformation  of  three  signals  (from 
the  BPM  behind  the  dipole),  measured  for  three  different 
gains  in  the  feedback  loop,  is  shown  in  Fig.  2.  One  can 
see  in  total  15  oscillations.  Peaks  No.  1,  2,  12  and  13 
increased  when  the  loop  gain  increased.  Peaks  No.  14  and 
15  decreased  vs.  the  gain.  All  other  peaks  remained 
unchanged.  Seven  peaks  were  due  to  the  feedback  loops, 
eight  (No.  3^10)  were  caused  by  the  second  cryomodule. 
All  eight  cavities  of  this  cryomodule  have  been  detuned 
from  1.3  GHz  by  roughly  200  kHz  and  no  power  was 
delivered  to  them  during  the  entire  energy  gain  test.  Still, 
the  beam  induced  voltage  in  these  cavities  has  modulated 
the  energy  of  bunches.  Finally,  the  conclusion  from  the 
energy  stability  test  was  that,  no  slow  gradient  decay  and 


Figure  1 :  Signals  from  field  probes  of  P2  measured  during 
the  acceleration  of  530  bunches,  q  =  4  nC,  tb=  1  /ts. 


-  gain  10 


frequency  [KHz] 


Figure  2:  Spectrum  of  the  energy  modulation  as  measured 
at  the  end  of  the  linac. 


468 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


no  modulation  caused  by  superstructure  prototypes  was 
seen  within  the  accuracy  limit  in  the  measurement  [5]. 
This  result  proves  that  superstructures  fulfill  the  TDR 
specification  for  the  energy  variation,  which  must  be 
below5-10A 

HOM  damping 

Each  prototype  had  three  HOM  couplers,  which  had 
been  attached  to  the  end  beam  tubes  and  to  the 
interconnection.  The  SST-II  version  will  have  four  cells 
more  and  we  plan  to  attach  two  HOM  couplers  at  the 
interconneetion  to  compensate  for  that.  We  will  report  on 
the  results  we  measured  for  the  transversal  modes,  since 
these  modes  are  relevant  for  the  quality  of  the  TESLA 
beam.  Three  methods  were  applied  to  measure  frequency 
and  impedance,  Z  =  (R/Q)-4xt,  of  HOMs.  At  first,  we 
measured  the  modes’  frequeney  and  Qe*,  with  a  network 
analyzer.  We  measured  modes  up  to  3.2  GHz.  The  method 
gives  the  mode  impedance  when  one  assumes  that  the 
actual  (R/Q)  is  equal  to  its  computed  value.  The  method  is 
limited  to  well  “isolated”  modes.  The  error  in  frequency 
measurement  increases  when  Qext  of  a  mode  gets  lower 
and  when  neighboring  modes  overlap. 

The  second  method  we  applied  was  the  active  mode 
excitation  [6].  Modes  with  high  impedance  were  excited 
via  one  of  the  HOM  couplers  by  means  of  a  cw  amplifier. 
By  controlling  the  power  coupled  out  by  two  other  HOM 
couplers  we  estimated  transversal  kick  (Z)  and  deflection 
of  the  on  axis  injected  beam.  It  was  compared  to  the  value 
measured  in  the  BPM,  15  m  downstream  from  the 
cryomodule.  The  method  can  give  all  actual  parameters  of 
an  excited  mode:  Z  and  the  polarization  if  deflection  is 
measured  in  x  and  y  direction.  It  is  sensitive  to  the  setting 
of  the  beam  line  optics  between  cryomodule  and  the 
BPM.  One  can  apply  this  method  to  modes,  which  couple 
well  to  HOM  couplers.  Forty-seven  modes  were  measured 
with  this  method.  The  third  method,  applied  to  measure  Z, 
was  based  on  the  HOM  excitation  by  the  accelerated 
beam  when  it  passes  the  cavity  off  axis.  The  results  are 
reported  in  [7].  All  three  methods  verified  a  very  good 
damping  of  HOMs.  The  suppression  of  dipoles  with 
(R/Q)  >  1  £2/cm^  is  shown  in  Fig.  3.  All  modes  relevant 
lE+5 

-  1E^4 
%  lE+3 
I  lE+2 
^  lE+l 

O' 

as  lE-fO 
lE-1 

I  —  tsMtNCNcNMoirnco 

f  [MHz] 

Figure  3:  Damping  of  dipoles  with  (R/Q)  >  1  £2/cm^ 


for  the  TESLA  collider,  up  to  2.58  GHz,  were  damped  by 
a  factor  5  to  100  better  than  the  specification  (Qex,  <  10^). 
We  have  found  a  few  modes  only  (in  5'*'  passband,  -3.08 
GHz),  among  420  measured  modes,  with  QexFlO’-^2■10^ 
Their  (R/Q)s  are  almost  zero  and  thus  they  cannot  degrade 
the  quality  of  the  TESLA  beam. 

FINAL  REMARKS 

The  cold-  and  beam  test  of  both  prototypes  has 
confirmed  that  one  can  use  weakly  coupled  stmctures  for 
the  acceleration.  Neither  beam  energy  modulation,  slow 
gradient  decay  nor  insufficient  HOM’s  damping  resulting 
from  the  coupling  of  two  subunits  have  been  observed. 
The  stability  of  the  bunch-to-bunch  energy  gain  was 
measured  within  the  limit  of  the  beam  diagnostics  in  the 
TTF  linac.  Although,  the  accuracy  of  the  energy  gain 
measurement  has  not  reached  the  level  of  the  theoretical 
estimation,  which  was  one  order  of  magnitude  smaller,  the 
experiment  showed  that  the  TESLA  specification  already 
has  been  fulfilled.  We  have  demonstrated  two  methods  to 
balance  the  gradient  in  the  weakly  coupled  subunits.  The 
agreement  of  both  methods  was  good  and  both  confirmed 
that  final  chemical  cleaning  may  be  performed  without 
additional  degradation  in  the  field  flatness. 

The  experiment  showed  that  the  electronics  for  phase 
and  amplitude  control,  used  routinely  to  operate  standard 
9-cell  cavities  in  the  TTF  linac,  can  be  applied  to  operate 
the  superstructures.  Further  improvement  of  the  control 
system  seems  to  be  possible  to  provide  better  suppression 
of  the  modulations  coming  from  the  control  system  itself. 
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FIRST  DEMONSTRATION  OF  MICROPHONIC  CONTROL  OF  A 
SUPERCONDUCTING  CAVITY  WITH  A  FAST  PIEZOELECTRIC  TUNER 

Stefan  Simrock,  Gevorg  Petrosyan,  DESY;  Alberto  Facco,  Vladimir  Zviagintsev,  INFN-LNL; 
Stefano  Andreoli,  Rocco  Paparella,  INFN-Milano 


Abstract 

Superconducting  cavities  exhibit  a  high  susceptibility  to 
mechanical  vibrations  due  to  their  narrow  bandwidth  of 
operation.  The  resulting  modulation  of  the  resonance  fre¬ 
quency  (typical  amplitudes  are,  in  the  absence  of  mechan¬ 
ical  dampers,  a  few  tens  of  Hz  at  a  modulation  frequency 
of  up  to  a  few  hundred  Hz)  can  exceed  the  cavity  band¬ 
width  leading  to  a  perturbation  of  the  amplitude  and  phase 
of  the  accelerating  field,  which  can  be  controlled  only  at 
the  expense  of  rf  power.  It  is  therefore  highly  desirable  to 
control  the  resonance  frequency  of  the  cavity  with  a  fast 
controller.  A  fast  mechanical  tuner  based  on  piezoelectric 
or  magnetostrictive  actuator  appears  very  attractive,  since 
its  tuning  is  done  simply  by  a  micrometric  deformation  of 
the  resonator  geometry.  In  the  past  these  tuners  have  been 
limited  by  mechanical  resonances  in  the  transfer  function 
to  a  modulation  bandwidth  of  about  1  Hz.  With  modem 
control  theory  and  high  speed  DSPs  and  FPGAs  it  is  now 
possible  to  design  complex  controllers  which  allow  high 
gain  up  to  several  hundred  Hz.  In  this  paper  we  present 
first  results  of  fast  microphonics  piezoelectric  control  for  a 
superconducting  quarter  wave  resonator.  Microphonics  at 
42  Hz  (inner  conductor)  are  controlled  despite  a  large 
mechanical  resonance  a  662  Hz  in  the  actuator  transfer 
function. 

1  INTRODUCTION 

The  control  of  the  resonance  frequency  of  superconduct¬ 
ing  cavities  is  highly  desirable  particularly  if  frequency 
excursions  induced  by  microphonics  (or  Lorentz  force 
detuning  in  pulsed  operation)  exceed  the  bandwidth  of  the 
cavity.  This  is  usually  the  case  in  accelerators  with  small 
beam  loading  such  as  heavy  ion  linacs,  low  current  high 
energy  electron  linacs  and  energy  recovery  linacs. 


Fig.l:  Schematic  for  feedback  control  of  microphonics 


mechanical  actuator  which  is  driven  in  such  a  way  that  the 
detuning  caused  by  microphonics  is  perfectly  compen¬ 
sated.  Due  to  the  partially  statistical  nature  of  the  micro- 
phonic  noise  a  negative  feedback  loop  is  necessary  as 
shown  in  Figure  1. 

The  cavity  resonance  frequency  is  detected  with  a  phase 
detector  comparing  the  wave  incident  to  the  cavity  (from 
the  directional  coupler  for  forward  power)  with  the  trans¬ 
mitted  signal  (field  probe  signal).  Corrections  for  beam 
loading  may  be  necessary  and  can  be  accomplished  with 
digital  signal  processing.  The  fast  mechanical  frequency 
tuner  can  be  realized  with  a  piezoelectric  or  magnetostric¬ 
tive  actuator  which  are  integrated  with  the  motor  driven 
mechanical  tuner.  The  actuators  typically  allow  for  a 
length  change  of  the  cavity  of  a  few  micrometers  resulting 
in  frequency  changes  of  some  tens  to  some  hundreds  of 
Hz.  Presently  several  labs  are  pursuing  the  control  of 
microphonics  and  Lorentz  force  detuning  with  a  piezo¬ 
electric  actuator  [1-5]. 

2  MICROPHONICS  CONTROL  ISSUES 

Fast  piezoelectric  tuners  are  installed  in  several  supercon¬ 
ducting  linacs  but  are  usually  used  to  control  slow  drifts  (< 
1  Hz)  of  the  resonance  frequency  of  the  cavity.  Attempts 
have  been  made  to  increase  the  bandwidth  of  the  feedback 
loop  to  several  hundred  Hertz.  The  failure  of  these 
attempts  can  be  explained  by  the  mechanical  resonances 
of  the  cavity  which  introduce  several  second  order  poles  in 
the  transferfunction  between  piezo  actuator  input  and  the 
cavity  resonance  frequency  measured  with  a  phase  detec¬ 
tor. 

In  practice  the  mechanical  transfer  functions  of  multicell 
cavities  such  as  employed  at  the  TESLA  Test  facility  or  at 
SNS  are  quite  complicated  because  of  the  large  number  of 
resonances  up  to  several  kHz.  For  quarter  wave  cavities 
the  resonances  of  the  center  conductor  and  the  bottom 
plate  are  only  few  up  to  a  several  kHz  and  are  well  under¬ 
stood.  While  microphonics  are  usually  coupled  strongly  to 
the  low  frequencies  resonances  of  the  center  conductor, 
the  piezo  actuator  couples  to  the  higher  frequency  reso¬ 
nances  of  the  bottom  plate  and  only  weakly  to  the  center 
conductor.  Therefore  the  QWR  provides  the  ideal  testbed 
for  control  of  microphonics.  In  summary  the  issues  related 
to  the  control  of  microphonics  are: 

•  mechanical  resonances  in  the  transfer  function  of  piezo 

tuner  -t-  delay  from  propagation  of  acoustic  waves 


Typical  microphonic  noise  levels  as  measured  in  opera¬ 
tional  superconducting  accelerators  are  of  the  order  of 
several  Hz  to  several  tens  of  Hz  with  a  frequency  spectrum 
ranging  up  to  a  few  hundred  Hz.  The  observed  spectrum  is 
a  result  of  a  convolution  of  the  spectrum  of  excitation  and 
the  coupling  to  the  mechanical  resonances  of  the  cavities. 
Since  microphonics  are  induced  by  mechanical  vibrations 
a  natural  solution  to  the  problems  appears  to  be  a  fast 


•  vibrations  from  the  environment  (microphonics)  and 
piezo  tuner  couple  differently  to  mechanical  resonances 

•  different  mechanical  modes  couple  differently  to  the 
resonance  frequency  of  the  cavity.  No  linear  superposi¬ 
tion  of  detuning  from  individual  mechanical  modes 
possible  i.e  system  is  nonlinear. 
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Fig.2:  Feedback  configuration  with  plant  P(s)  and  Control¬ 
ler  C(s) 

•  mechanical  modes  excited  with  large  amplitude  can 
potentially  modulate  the  energy  gain  in  multicell  cavi¬ 
ties  significantly. 


3  CONTROL  OF  MICROPHONICS 

The  goal  is  to  find  an  acceptable  controller  C(s)  for  a  given 
transferfunction  P(s)  of  the  piezo  actuator  in  the  control 
configuration  shown  in  Figure  2. 

The  controller  must  fulfill  several  requirements 

•  Feedback  loop  must  be  stable  i.e.  the  open  loop  trans¬ 
ferfunction  D(s)=P(s)C(s)  must  change  the  phase  less 
than  180  deg.  up  to  unity  gain  frequency. 

•  For  fast  reponse  the  phase  margin  should  be  at  least  30- 
60  deg. 

•  Good  error  supression  i.e.  high  gain  of  D(s)  at  frequen¬ 
cies  which  need  to  be  controlled  (up  to  several  hun- 
dered  Hz).  The  gain  of  D(s)  should  roll-off  fast  at 
higher  frequencies  to  guarantee  stability. 

•  Robust  against  small  changes  of  the  transfer  function  of 
the  piezo  actuator. 

After  choosing  the  desired  open-loop  frequency  response 
D(s)  the  controller  can  be  designed  as 


C(s)  = 


D(s) 

PU) 


A  typical  desired  open  loop  transfer  function  would  be  a 
gain  of  1(X)  (=  40  dB)  for  frequencies  from  DC  up  to  a  few 
hundred  Hz,  then  a  steep  roll-off  (for  example  3rd  order 
low-pass  with  60  dB/dec),  a  reduction  of  roll-off  to  20  dB 
when  unity  gain  is  reached  (this  can  be  implemented  with 
2nd  order  high  pass)  followed  by  a  fast  roll-off  above  (2nd 
order  low-pass)  at  a  few  kHz  to  prevent  higher  frequency 
resonances  to  cause  instabilities. 

With  D(s)  of  8-th  order  as  described  and  assuming  10 
mechanical  resonances  up  to  several  kHz,  the  controller 
requires  fairly  high  order  polynomials  (28-th  order  in  the 
example)  to  be  implemented.  With  the  recent  progress  in 
digital  signal  processing  hardware  (DSPs  and  FPGAs)  it  is 
nowadays  possible  to  implement  such  high  order  control¬ 
lers  with  low  latencies.  For  example  a  20-th  order  transfer- 
function  processed  by  a  C67  DSP  results  in  a  latency  of 
only  20  microseconds.  Implementation  on  a  VIRTEX  n 
FPGA  is  expected  to  reduce  latencies  to  below  1  micro¬ 
second  and  that  very  high  order  transferf  unctions  can  be 
realized. 


4  QWR  AND  PIEZO  TUNER 

The  resonator  [6,7]  is  a  80  MHz  PIAVE  type  bulk  niobium 
Quarter  Wave  Resonator  (QWR)  with  mechanical  damper. 
This  type  of  QWRs  has  been  operated  in  the  linac  at  gradi¬ 
ents  of  up  to  6  MV/m.  The  operating  bandwidth  is  only  a 
few  Hz  and  phaselock  can  be  achieved  without  a  fast  fre¬ 
quency  tuner.  The  resonator  is  ideally  suited  for  the  devel¬ 
opment  of  controllers  for  fast  mechanical  tuners  for 
control  of  microphonics  because  it  is  a  mechanically  sim¬ 
ple  and  well  understood  system. 

For  the  experiment  of  controlling  microphonics  with  a 
piezotuner  the  cavity  was  mounted  in  the  cryostat  after  8 
months  of  storage  while  exposed  to  air  without  any  rinsing 
done  before  installation.  The  tuning  plate,  a  1  mm  thick 
copper  disc  with  a  1  micrometer  layer  of  sputtered  nio¬ 
bium  on  the  rf  surface,  has  been  mounted  at  the  open  end 
of  the  QWR. 


Fig.3:  PIAVE  type  quarter  wave  resonator 


The  piezo,  a  EPCOS  8x8x30  mm  crystal  without  internal 
preloading,  was  mounted  in  the  center  of  the  bottom  plate 
along  the  resonator  axis.  The  piezodriver  was  a  60  W,  400 
mA,  -10  to  15  V,  model  ENV  400  power  supply  from 
Piezojena.  The  measured  tuning  range  generated  by  the 
piezo  was  25Hz/100V  at  4.2  K,  corresponding  to  about  8 
micrometer  change  in  length  of  the  piezo.  The  center  con¬ 
ductor  has  the  lowest  resonance  frequency  at  about  42  Hz 
while  the  tuning  plate  with  the  piezo  had  a  lower  mechani¬ 
cal  mode  at  672  Hz  (calculated  and  measured).  The  reso¬ 
nator  low  power  electrical  Q  measured  during  the  test  was 
1.6e9. 


Fig.4;  Piezo  tuner  installed  at  bottom  plate 
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Fig.5:  Transfer  funetion  of  piezo  tuner  around  672  Hz 


5  DIGITAL  CONTROLLER 

The  digital  controller  made  use  of  a  C67  based  DSP  board 
(Model  M67  from  GBm)  with  an  Omnibus  module 
(A4D4)  carrying  4  ADCs  and  4  DACs  with  a  maximum 
clock  speed  of  2(X)  kHz.  The  DSP  has  been  programmed 
in  C++  to  perform  Matrix  multiplications  to  realize  trans- 
ferfunction  in  state  space  form: 

h  +  i  =  + 

With  the  A  matrix  of  size  20x20  transferfunction  of  to  20- 
th  order  could  be  realized.  The  computation  time  was  of 
the  order  of  20  microseconds  (including  ADC  and  DAC 
conversion  times)  which  is  fully  sufficient  for  feedback  up 
to  a  few  kHz. 

Initially  only  a  notch  filter  at  672  Hz  and  a  low  pass 
around  1  kHz  have  been  implemented. 

6  PERFORMANCE  OF  FEEDBACK 

The  feedback  test  has  been  performed  at  low  fields  to 
guarantee  a  linear  response  of  the  rf  control  system.  Dur¬ 
ing  the  test  the  cavity  was  locked  at  a  gradient  of  about  I 
MV/m.  The  resonator  has  been  weakly  loeked  in  phase  to 
allow  a  large  residual  phase  error  at  42  Hz.  The  forward 
power  was  10  W,  largely  overcoupled  resulting  in  a  3  dB 
bandwidth  of  about  50  Hz.The  residual  phase  error  in  the 
rf  control  system,  caused  by  resonator  vibration  due  to 
environmental  noise  was  reduced  by  one  order  of  magni¬ 
tude  when  activating  the  piezo  control  system.  The  result¬ 
ing  error  suppression  is  shown  in  Figure  6. 

7  CONCLUSION 

Active  suppression  of  microphonies  in  a  superconducting 
quarter  wave  resonator  has  been  demonstrated  success¬ 
fully.  Besides  reducing  the  microphonics  by  an  order  of 
magnitude,  the  standard  controller  could  be  turned  off  and 


the  piezotuner  was  able  to  maintain  the  cavity  in  phase- 
lock. 

Although  the  piezotuner  did  not  couple  to  the  dominating 
resonance  of  the  eenter  conductor  which  has  been  excited 
quite  strongly  by  microphonics,  a  mechanical  resonance 
of  the  bottom  plate  has  been  compensated  with  the  digital 
controller.  In  the  future  it  is  expected  that  modem  digital 
controllers  allow  for  feedback  control  of  microphonics  in 
multicell  cavities  despite  the  complex  mechanical  mode 
stracture. 


Fig.6:  Active  suppression  of  microphonic  noise  with  feed¬ 
back  applied  to  fast  piezo  tuner,  a)  Time  domain 
measurement,  b)  Frequency  domain  measurement 
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Abstract 

The  counter-rotating  proton  beams  in  the  Large 
Hadron  Collider  (LHC)  will  be  captured  and  then 
accelerated  to  their  final  energies  of  2  x  7  TeV  by  two 
identical  400  MHz  RF  systems.  The  RF  power  source 
required  for  each  beam  comprises  eight  300  kW 
klystrons.  The  output  power  of  each  klystron  is  fed  via  a 
circulator  and  a  waveguide  line  to  the  input  coupler  of  a 
single-cell  superconducting  (SC)  cavity.  Four  klystrons 
are  powered  by  a  100  kV,  40  A  AC/DC  power  converter, 
previously  used  for  the  operation  of  the  LEP  klystrons.  A 
five-gap  thyratron  crowbar  protects  the  four  klystrons  in 
each  of  these  units.  The  technical  specification  and 
measured  performance  of  the  various  high-power 
elements  are  discussed.  These  include  the  400  MHz/ 
300  kW  klystrons  with  emphasis  on  their  group  delay  and 
the  three-port  circulators,  which  have  to  cope  with  peak 
reflected  power  levels  up  to  twice  the  simultaneously 
applied  incident  power  of  300  kW.  In  addition,  a  novel 
ferrite  loaded  waveguide  absorber,  used  as  termination  for 
port  3  of  the  circulator  is  described,  including  its 
advantages  with  respect  to  a  water-load.  A  system  to 
measure  the  harmonic  content  in  the  klystron  output 
signal  is  also  presented. 

INTRODUCTION 

The  European  Laboratory  for  Particle  Physics  (CERN) 
is  presently  constructing  the  Large  Hadron  Collider  in  the 
existing  27  km  circumference  LEP  tunnel.  The  two 
counter-rotating  proton  beams  are  captured  and  then 
accelerated  by  two  identical  400  MHz  RF  systems. 
Superconducting  cavities,  operating  at  4.5  K,  provide  the 
required  accelerating  field  for  ramping  the  beam  energy 
up  to  7  TeV.  A  maximum  of  4800  kW  of  RF  power  is 
generated  by  sixteen  300kW/400MHz  klystrons.  Each 
klystron  feeds,  via  a  Y-junction  circulator  and  a  WR2300 
(half-height)  waveguide  line,  a  single-cell  SC  cavity. 
Eight  of  these  cavities  of  are  installed  on  each  side  of  the 
former  LEP  intersection  ‘Point  4’.  Four  of  them  are 
housed  in  a  conunon  cryostat.  The  two  beams  are 
separated  by  420  mm  for  about  45  m  on  each  side  of 
‘Point  4’.  This  allows  the  SC  cavities  to  be  installed 
without  interfering  with  the  vacuum  pipe  of  the  respective 
other  beam.  All  klystrons  with  their  circulators  and  loads, 
the  HV  interface  bunkers,  and  the  racks  with  the  controls 
and  interlock  electronics  are  located  on  the  ground  floor 
of  the  former  ALEPH  experimental  cavern,  about  6  m 
below  the  beam  lines.  The  average  waveguide  length 
between  klystron  and  cavity  is  about  22  m. 

Four  klystrons  are  powered  by  one  1(X)  kV/40  A  power 
converter,  previously  used  for  the  LEP  klystrons.  Their 
HV  interface  equipment,  consisting  of  four  modulators,  a 


thyratron  crowbar,  a  smoothing  capacitor  and  an  HV 
commutator,  is  housed  in  a  fire-proof  bunker.  This  forms, 
together  with  four  cavities,  an  ‘LHC/RF  Module’  (Fig.l). 


KLYSTRONS 

The  LHC  klystrons  were  developed  by  a  European 
company  according  to  CERN  specifications.  By  May 
2003  (PAC  2003),  five  of  the  20  klystrons  ordered  have 
been  delivered  and  accepted  by  CERN.  The  main 
operating  parameters  at  the  rated  output  power  (300  kW) 
are  shown  in  Table  1. 

An  important  parameter  for  the  LHC  klystrons  is  then- 
group  delay.  CERN  demands  the  group  delay  to  be  as 
short  as  possible  since  a  fast  vector  feedback  loop  around 
each  klystron/cavity  assembly  is  required  for  beam 
stability.  The  total  delay  of  this  loop  should  not  exceed 
500  ns.  At  the  acceptance  test  of  the  prototype  a  delay 
slightly  over  100  ns  was  measured.  For  the  series 
klystrons  a  value  of  <  120  ns  within  the  fi-equency  range 
of  fo  ±  1  MHz  was  then  specified.  Such  a  low  group  delay 
is  obtained  by  tuning  the  five  klystron  cavities  each  either 
above  or  below  the  operating  frequency.  In  particular  the 
first  two  cavities  are  stagger-tuned.  This  increases  the 
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bandwidth  of  the  klystron  as  required  for  low  group 
delay.  In  addition,  the  loaded  Q  factor  of  the  input  cavity 
is  well  below  200  and  that  of  the  output  cavity  is  35.  The 
penultimate  cavity  is  tuned  to  more  than  2%  above  the 
operating  frequency,  and  therefore  contributes  little  to  the 
total  group  delay  within  the  specified  frequency  range. 
The  third  cavity  is  tuned  to  a  few  MHz  below  the  second 
harmonic  of  the  operating  frequency;  it  does  not 
contribute  to  the  group  delay  but  enhances  the  klystron 
efficiency  by  about  4-5%.  About  10%  of  the  group  delay 
is  due  to  the  electron  transit  time  between  input  and 
output  cavity. 

The  relatively  low  Q  and  the  detuning  of  the  input 
cavity  causes,  however,  a  low  overall  signal  gain  of  only 
37  dB;  this  is  unusual  for  klystrons. 


Table  1:  Main  Klystron  Parameters  at  Rated  Output 
Power 


Rated  Output  Power 

300  kW  cw 

Operating  Frequency  (Q 

400.8  MHz 

RF  IntJut-to-Outnut  Gain 

>37dB 

DC-to-RF  Conversion  Efficiency 

>62% 

-IdB  Bandwidth  (@ldB  below  rated  output 
power) 

>  ±1  MHz 

Group  Delay  at  fo±lMHz  and  IdB  below 
rated  output  power 

<  120  ns 

Load  VSWR  at  any  RF  Phase 

<1.2 

Harmonic  Content  in  Output  Signal  at  2"^ 
and  3'^“’  Harmonic 

<-30  dB 

Beam  Voltage  (Ug) 

54  kV 

Beam  Current  (Ig) 

<9  A 

Gun  Perveance 

1.5mAA'^'^ 

-0/+10% 

Modulation  Anode  Voltage  (U^a) 

<35  kV 

Modulation  Anode  Current  (Ima) 

<  ±2.5  mA 

Body  Dissipation 

<10kW 

Collector  Dissipation  Capability 

>500kW 

Test  Power  at  Ug  <  58kV  and  Ig  <  lOA  (for 
at  least  1  hour) 

330  kW  cw 

A  special  feature  of  the  LHC  klystron  is  the  built-in 
modulation  anode.  It  allows  the  cathode  current  to  be 
controlled  between  0  and  10  A.  Unlike  the  LEP  klystron, 
the  LHC  one  does  not  require  the  cathode  current  to  be 
ramped  down  in  the  absence  of  an  RF  drive  signal, 
because  the  water-cooled  collector  of  the  LHC  klystron 
can  dissipate  the  full  DC  input  power  of  500  kW.  The 
modulation  anode  is  used  only  for  optimizing  the  working, 
point  of  the  klystron. 

The  tube  operation  is  stable  up  to  the  rated  output 
power  for  a  load  mismatch  of  VSWR<  1.2  which  is 
assured  by  a  three-port  junction  circulator  in  the  output 


line  of  each  klystron.  In  case  of  a  higher  VSWR  (e.g.  an 
arc  in  the  output  waveguide)  a  fast  PIN-diode  switch 
interrupts  the  RF  drive  signal  to  the  klystron. 

CIRCULATOR  WITH  TERMINATING 
LOAD 

The  LHC/RF  three-port  circulators  must  cope  with  high 
peak  power  levels,  induced  in  the  SC  cavities  by  the 
proton  beam.  During  injection  they  can  be  as  high  as 
twice  the  incident  klystron  power  of  300  kW.  These 
reflected  signals  are  in  the  microsecond  range  and  their 
contribution  to  the  power  dissipation  in  the  circulator  is 
negligible.  However,  the  superposition  of  incident  and 
reflected  signals  could  cause  arcing  between  the  ferrite 
plates.  This  was  simulated  on  the  prototype  circulator  by 
short-circuiting  the  output  port  and  applying  the 
appropriate  input  power  (Pin),  which  is  defined  by; 

For  Pp  =  300  kW  and  Pr  =  600  kW  the  input  power  Pjn 
is  440  kW.  No  arcing  was  observed  when  440  kW  were 
applied  with  the  short-circuit  at  port  2  being  moved  by 
steps  of  5  cm  over  half  a  waveguide  wavelength. 

The  saturation  magnetization  of  the  ferrites  is 
temperature  dependent.  The  external  magnetization  of  the 
ferrites  has  therefore  to  be  adjusted  as  a  function  of  their 
temperatures,  which  depend  on  the  incident  and  reflected 
power  and  cooling  water  temperature.  The  external  field 
is  generated  by  both  a  permanent  and  an  electro  magnet. 
The  temperatures  of  the  cooling  water  and  the  permanent 
magnet  are  measured,  and  the  ‘Temperature  Control  Unit’ 
adjusts  the  current  of  the  electro-magnet  accordingly.  At 
RF  power  levels  up  to  330kW  and  inlet  water  temperature 
variations  of  25  ±  3°C  the  input  match  (Sn)  and  isolation 
(S12)  of  the  circulator  can,  thus,  be  kept  at  <  -28  dB  within 
the  specified  bandwidth  of  fo  ±  1  MHz . 

For  reasons  of  better  performance  and  smaller  size  it 
was  decided  to  use  330  kW  ferrite-loaded  waveguide 
absorbers  instead  of  water-loads  as  port  3  terminations.  In 
such  a  load  small  ferrite  tiles  are  glued  onto  the  inner 
walls  of  a  waveguide,  which  is  short-circuited  at  its  far 
end.  A  crucial  parameter  is  the  power  dissipated  per  unit 
surface  of  ferrite,  which  should  not  exceed  15  W/cm^.  It  is 
achieved  by  choosing  thin  ferrite  tiles  at  the  input  of  the 
load  and  by  gradually  increasing  their  thickness  towards 
the  shortened  end.  The  advantages  of  ferrite  compared  to 
water  loads  are  the  absence  of  water  inside  the  waveguide 
or  coaxial  line,  smaller  size,  higher  bandwidth,  and  a 
nearly  invariable  phase  angle  of  its  reflected  signal  as  a 
function  of  the  absorbed  power. 

The  total  input  refleetion  of  the  eirculator  is  composed 
of  Sii,  S12,  and  S13  (see  Fig.2).  The  magnitudes  of  S12 
(isolation)  and  S13  (reflection  from  ferrite  load)  are  both 
about  -28  dB.  The  phase  angle  between  these  two  signals 
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is  virtually  constant  and  independent  of  input  power  and 
load  mismatch  at  port  2.  By  adjusting  the  electrical  length 
of  the  waveguide  between  circulator  and  ferrite  load  this 
angle  can  be  made  180°.  The  input  reflection  can  thus  be 
reduced  substantially  and  becomes  nearly  independent  of 
the  load  conditions  at  port  2.  An  almost  constant 
circulator  input  impedance  is  essential  for  stable  klystron 
output  power. 


Figure  2:  Schematic  Diagram  of  Circulator  with 
Termination  Load 


The  standard  ‘Temperature  Control  Unit’  (TCU)  can 
cope  with  slow  water  temperature  and  load  mismatch 
variations  only.  This  is  due  to  the  time  constant  of  the 
circulator’s  cooling  circuit.  If  there  are  fast  and  large 
variations  of  one  or  both  parameters  the  input  VSWR  of 
the  circulator  could  briefly  exceed  the  specified  value.  To 
avoid  this,  the  TCU  monitors  the  reflected  RF  signal 
between  klystron  and  circulator.  An  additional  built-in 
microprocessor  controlled  loop  acts  on  the  magnet  current 
and  minimizes  rapidly  the  reflected  signal  as  can  be  seen 
in  Fig.  2.  In  this  measurement  the  inlet  water  temperature 
was  periodically  varied  by  a  few  degrees. 
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Figure  3:  Input  VSWR  of  the  circulator  with  and 
without  RF  control  at  varying  water  temperatures 


HARMONIC  SIGNAL  MEASUREMENTS 

An  advanced  system  for  measuring  the  harmonic 
content  in  the  klystron  output  signal  based  on  [1]  was 
developed.  It  consists  of  a  piece  of  WR2300  half-height 
waveguide  equipped  with  calibrated  RF  probes,  an  RF 
switching  matrix,  band  filters,  a  vector  voltmeter  and  a 
control  computer.  The  system  measures  the  power  levels 
of  all  possible  propagating  modes  at  the  fundamental 
(TEIO),  second  (TEIO,  TE20,  TE30),  and  third  harmonic 
(TEIO,  TE20,  TE30,  TE40,  TEll,  TMll,  TE21,  TM21, 
TEOl).  Three  probes  are  used  at  the  narrow  and  nine 
probes  (including  a  reference  one)  at  the  wide  wall  of  the 
waveguide  for  measuring  the  electric  field  pattern.  These 
data  are  inserted  into  a  set  of  field  equations,  and  the 
control  computer  calculates  the  power  of  each 
propagating  mode.  In  its  present  state,  measurements  can 
only  be  performed  using  a  wideband  load,  which  is 
matched  (VSWR<1.12)  in  the  frequency  range  from  400 
tol200  MHz. 

Measurements  performed  on  the  klystrons  delivered  so 
far  indicate  that  the  2nd  harmonic  content  is  more  than 
50±  1  dB,  and  the  3^^  harmonie  more  than  28±1  dB  below 
the  fundamental  signal.  The  TE30  mode  of  the  3rd 
harmonic  signal  contains  about  50%  of  the  parasitic 
energy.  These  measurements  will  help  to  determine  the 
type  of  HOM  dampers,  which  may  be  required  in  the 
waveguide  system  to  avoid  arcing. 


Figure  4:  Harmonic  measurement  device 
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Abstract 

Operational  aspects  of  the  RHIC  rf  system  are 
described.  To  date  three  different  beam  combinations  have 
been  collided  for  physics  production:  gold-gold,  deuteron- 
gold,  and  proton-proton(polarized).[l,2]  To  facilitate  this 
flexibility  the  rf  systems  of  the  two  rings  are  independent 
and  self-sufficient.  [3]  Techniques  to  cope  with  problems 
such  as,  injection/capture,  beam  loading,  bunch 
shortening,  and  rf  noise  have  evolved  and  are  explained. 

INJECTION 

The  injector  (AGS)  holds  the  beam  on  a  magnetic  flattop 
(10  GeV/n  for  ions,  26  GeV  for  protons)  for  about  1 
second  while  synchronization  and  bunch-by-bunch 
extraction  to  RHIC  take  place.  Since  single  bunches  are 
extracted  any  bunch  filling  pattern  is  possible.  Typically 
6,60,  or  120  bunch  patterns  are  used  and  a  1  ps  gap  is  left 
for  the  abort  kicker  risetime. 

Cogging  in  the  AGS 

The  circumference  ratio  between  the  RHIC  rings  and  the 
AGS  is  19:4.  This  means  that  19  times  the  RHIC 
revolution  frequency  equals  the  AGS  bunch  frequency 
when  it  has  4  bunches.  Also  every  4  turns  of  RHIC  the 
same  bunch  aligns  with  a  given  bucket  in  RHIC.  The 
hardware[4]  that  orchestrates  the  fill  process  is  composed 
of  four  Direct  Digital  Synthesizers  which  share  a  common 
source  clock  and  are  synchronously  started  on  an 
“cogging  reset”  event  which  precedes  each  fill.  Table  1 
list  the  clocks  and  gives  their  function.  The  phases  of  the 
kicker  trigger  and  synchro  reference  clock  advance 
appropriately  between  bunch  transfers.  Since  the  bunches 
are  locked  to  the  synchro  reference  clock  they  follow  its 
phase  change  by  making  a  radial  (frequency)  excursion.  A 
Time  Interval  analyzer  monitors  and  logs  the  time 
between  the  bunch  and  the  kicker  at  each  extraction. 


clock 

Frequency 

(RHIC) 

function 

RevTick 

1  YxQwohition 

Marks  bunch  one 

Kicker  trig 

14  Frev 

Fires  the  kickers 

Synchro  Ref 

19Frev 

Bunches  lock  to  this 

Beam  Sync 
clock 

360  Frev 

Source  for  beam  synch 
clock  system 

Table  1.  Clocks  of  the  injector  synchronization  systen 

*  Work  performed  under  contract  DE-AC02-98CH10886  with  US  DOE. 
*brennan@bnl.gov 


Capture 

Successful  rf  capture  in  founded  in  a  precise  measurement 
of  the  beam  revolution  frequency  with  the  rf  off.  We  inject 
a  single  bunch  and  measure  the  revolution  frequency 
using  data  from  a  deep-memory  oscilloscope.  When  the 
beam  was  injected  the  synchronization  circuit  in  the  AGS 
was  responding  to  the  RHIC  clocks  (Table  1)  which  were 
set  to  the  best  guess  for  the  capture  frequency.  After  the 
measurement  the  frequency  of  the  clocks  is  corrected.  In 
order  not  to  change  the  beam  energy,  and  hence  revolution 
frequency,  the  AGS  flattop  field  is  adjusted  according  to, 

j  =  ( Yu  ("f"]  ’  correction. 

The  bunches  of  the  two  rings  are  separated  longitudinally 
at  injection  to  prevent  beam-beam  interaction.  This 
requires  that  the  two  rings  have  exactly  the  same  capture 
frequency  and  that  the  phase  of  RevTick  clocks  are  preset. 
The  exact  frequency  match  can  be  achieved  with  no  more 
than  1  mm  difference  in  average  orbit  radius  between  the 
rings.  The  phase  of  the  19Frev  synchro  reference  clock  is 
adjusted  to  insure  that  the  beam  is  injected  into  the  center 
of  the  RHIC  rf  buckets. 

RAMPS 

The  ramp  rate  to  100  GeV/nucleon  is  modest  (dy/dt<l) 
because  the  magnets  are  superconducting.  A  constant  rf 
voltage  of  about  300  kV  is  supplied  by  two  cavities  which 
operate  at  a  synchronous  phase  of  less  than  4  degrees. 
The  voltage  requirement  follows  from  the  necessary 
bucket  area  of  >  1  eVs/n.  The  ion  beams  must  cross  the 
transition  energy  and  the  machine  is  equipped  with  fast 
transition-jump  quadrupoles.  The  only  special  demand  for 
the  rf  system  is  to  provide  a  smooth  phase  reference  to  the 
beam  control  loops  during  the  phase  jump  of  the  cavities. 

Acceleration  Cavities 

The  acceleration  cavities  are  equipped  with  direct  rf 
feedback  with  >38  dB  gain.  This  feedback  is  essential  for 
reducing  the  effective  impedance  below  the  threshold  for 
instability.  The  practical  gain  is  not  limited  by  loop  delay 
but  by  transients  that  occur  when  the  cavity  is,  switched 
on/olf,  phase  jump  at  transition,  or  multipactoring.  The 
driver  amplifiers  have  been  upgraded  to  imits  that  tolerate 
mismatch  during  transients.  Cavities  need  to  be 
conditioned  against  multipactoring  for  several  days  before 
the  run  starts.  Gradual  de-conditioning  occurs  over  a  time 
scale  of  months  but  the  rf  feedback  helps  break  through 
multipactoring.  To  condition  the  cavities  the  rf  feedback 
loop  is  opened  via  a  remotely  controlled  transfer  switch. 
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Beam  Control  Feedback  Loops 

Ramping  is  normally  performed  with  conventional  phase 
and  radial  beam  control  loops.  [5]  For  crossing  the  gamma 
transition  the  radial  loop  is  a  must.  The  phase  loop  damps 
coherent  dipole  oscillations  and  minimizes  emittance 
growth  during  the  ramp.  The  radial  loop  determines  the 
precise  value  of  frequency,  which  changes  by  0.4  %  for 
ions  during  the  ramp. 

The  radial  loop  samples  the  beam  position  at  two  beam 
position  monitors  in  an  arc  that  are  separated  by 
approximately  14  betatron  wavelength.  To  a  first 
approximation  this  technique  separates  the  effect  of  orbit 
distortion  from  average  orbit  changes.  Experience  has 
shown,  however,  that  this  is  often  not  sufficient  and  the 
average  of  these  two  BPMs  differs  from  the  average  of 
the  entire  orbit.  In  practice  a  dipole  corrector  between  the 
two  BPMs  is  “tweaked”  to  compensate. 

The  heart  to  the  beam  control  system  is  a  DSP  (Texas 
Instruments  C40)  that  reads  the  error  signals  and  makes 
corrections  to  the  rf  frequency.  The  radius  signal  is 
sampled  by  a  16  bit  ADC,  clocked  at  the  revolution 
frequency  (78  kHz).  The  analog  signal  is  generated  in  a 
homodyne  detector  with  intensity  normalization  by 
implicit  division  in  an  AGC  loop.  A  low-noise  1  kHz 
analog  anti-aliasing  filter  precedes  the  ADC. 

Phase  data  come  from  the  bunch-by-bunch  phase  detector 
that  measures  every  bunch  on  every  turn.  I  and  Q  signals 
are  obtained  with  14  bit  ADCs  and  converted  to 
magnitude  and  phase  using  the  “CORDIC”  algorithm[6] 
in  100  ns.  Phase  data  for  each  bunch  are  recorded  in  a 
deep  memory  for  diagnostics  while  the  average  phase  of 
all  the  bunches  in  one  turn  is  reported  to  the  DSP.  The 
magnitude  data  are  used  in  an  automatic  gain  control 
circuit  to  maximize  the  dynamic  range  of  the  ADCs.  The 
feedback  equation  is; 

=k<p((Pb„„,h-(pJ 

+  kj^  Rsteering)  (1.1) 

-1-kj  |(RBeam  “  R steering 

Where:  k<p=1600  Hz/radian,  kR=  330  Hz/mm,  kf=6400 
Hz/mm/s.  For  the  proton  beam,  which  does  not  cross 
transition,  the  rings  were  locked  in  phase  throughout  the 
ramp  by  an  additional  term  proportional  the  phase 
difference  between  the  rings  (measured  at  the  revolution 
frequency).  This  prevents  modulation  of  the  beam-beam 
interaction  during  the  ramp.  The  loops  are  open  during  the 
filling  process  and  closed  just  before  the  ramp.  When  the 
loops  close  the  averaged  measured  values  of  phase  and 
radius  are  taken  as  the  reference  to  the  loops.  Thereafter 
the  reference  values  become  the  synchronous  phase  angle 
(Ps,  and  the  radial  steering  command  fiinction  Rsieeimg 
which  updates  at  720  Hz.  The  loops  open  at  the  end  of  the 
ramp. 

Landau  Cavities 

High  intensity  bunches  (~10‘' charges)  in  RHIC  are 
clearly  unstable,  exhibiting  shape  oscillations  without 


damping  for  many  millions  of  tums.[7]  Proton  bunches 
are  stabilized  by  switching  on  one  of  the  197  MHz  storage 
cavities  at  100  kV  to  enhance  synchrotron  frequency 
spread  and  provide  Landau  damping.  This  Landau  cavity 
is  used  throughout  the  ramp. 

REBUCKETING 

In  local  jargon  “rebucketing”  [8]  refers  to  the  process  of 
compressing  the  bunch  in  length  and  transferring  it  from 
the  28  MHz  system  to  the  197MHz  storage  system.  A 
compression  ratio  of  two  or  more  is  required.  The 
technique  of  jumping  to  the  unstable  fixed  point  and  back 
is  most  often  used.  The  phase  loop  is  active  during  the 
rebucketing  to  damp  dipole  oscillations  (common  cavities 
off).  The  precise  set  points  for  the  relative  phases  of  the 
storage  cavities  were  obtained  empirically  by  scaiming  the 
phases  and  measuring  the  synchrotron  frequency  to  very 
high  precision  (0.1  %)  from  longitudinal  Schottl^  signals 
at2.7GHz.[9] 


Figure  1.  Evolution  of  the  bunch  shape  during 
rebucketing.  The  bunch  shape  distortions  begin  4  seconds 
before  the  gymnastic  when  the  dampers  are  withdrawn. 

Strategy  to  combat  beam  load/emittance  growth 

Beam  loading  is  a  major  problem  causing  longitudinal 
emittance  growth  in  the  seconds  just  before  rebucketing. 
AVhen  the  storage  cavities  are  at  very  low  voltage  while 
the  tuning  servo  settles,  a  rapid  onset  of  bunch  shape 
distortions  is  seen  (figure  1).  The  onset  coincides  with  the 
withdrawal  of  the  fundamental  mode  damper.  Even 
though  the  cavity  is  equipped  with  high-gain  rf  feedback 
the  beam  induced  voltage  overwhelms  the  generator 
induced  voltage  and  the  system  is  unstable.  The  beam 
loading  problem  was  overcome  by  shaping  the  Fourier 
spectrum  of  the  bunch  current  such  that  second  node  in 
the  envelope  of  the  spectrum  occurs  near  197  MHz. 
(figure  2)  Since  this  is  the  state  where  the  bunch  is 
stretched  the  compression  gymnastic  becomes  just  to  snap 
up  the  28  MHz  voltage,  and  after  14  synchrotron  period 
switch  on  the  197  MHz  voltage  to  approximately  3  MV. 
Operationally  this  switch-on  of  the  storage  cavities  (10  kV 
to  ~  1  MV  in  1  ms)  proved  to  be  the  most  difficult.  To 
address  this  a  new  technique  of  “frequency-shift” 
rebucketing  was  tested.  In  this  technique  the  storage 
cavities  are  turned  on  slowly  at  an  offset  frequency  of  2 
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kHz  where  they  are  de-coupled  from  the  beam.  At  the 
rebucketing  instant  the  frequency  is  jumped  to  the  beam 
frequency.  This  is  a  minor  transient  for  the  cavities 
because  it  is  only  a  fraction  of  their  natural  bandwidth. 
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Figure  2.  Spectrum  of  the  deuteron  beam  current.  The 
bunch  has  been  stretched  so  that  the  second  node  is  near 
the  cavity  frequency. 

Hardware  improvements 

Luminosity  lifetime  improves  with  higher  voltage  in 
the  storage  cavities.  The  cavities  of  the  storage  system 
received  a  number  of  improvements  before  the  latest  run 
to  allow  for  higher  useable  voltage.  These  included; 
water-cooling  the  ceramic  windows  of  the  power  input 
coupler,  rebuilding  the  solid  state  2  kW  driver  amplifiers, 
installation  of  signal  limiters  to  prevent  overdrive  at 
switch-on/off,  and  development  of  a  software  application 
to  automate  the  high  voltage  conditioning  of  the  cavities. 

COGGING 

Since  the  two  rings  of  RHIC  accelerate  with  independent 
rf  systems  they  arrive  at  store  with  unequal  frequencies. 
To  bring  the  beam  into  collision,  first  the  beam  feedback 
loops  are  switched  open  without  a  transient.  Then  the 
frequency  of  each  ring  is  ramped  at  1  Hz/second  (28  MHz 
system)  to  a  set  point  for  the  collision  frequency.  This 
frequency  is  chosen  to  give  the  best-centered  orbits  in  the 
arcs  of  both  rings.  The  rings  share  a  master  10  MHz  clock 
for  the  Direct  Digital  Synthesizers  and  frequency  control 
words  are  made  exactly  equal,  thus  locking  the  phase 
relationship  between  the  bunches.  The  phase  angle 
between  the  abort  gaps  is  then  measured  automatically 
and  a  frequency  excursion  of  10  Hz  is  applied  to  one  ring 
for  a  calculated  time  to  align  the  abort  gaps  to  within  one 
bucket.  Finally  the  rf  phase  between  the  vector  sums  of 
the  acceleration  cavities  of  the  two  rings  is  precisely 
measured  with  a  Lockin  amplifier  (Standford  Research, 
SR844)  and  a  second  frequency  excursion  aligns  the 
collision  spot  to  the  Interaction  Points.  A  longitudinal 
pickup  at  IP4  is  used  to  calibrate  the  equipment.  Since  the 
same  pickup  measures  both  beams  there  is  no  systematic 
uncertainty  in  the  collision  point  adjustment.  The  beams 
can  be  un-cogged  and  re-cogged  at  will  (common  cavities 
off)  for  machine  experiments,  such  as  beam-beam  tune 
effects. 


BUNCHED  BEAM  LIFETIME  /  RF  NOISE 

Intra-Beam  Scattering  is  the  fundamental  limitation  but  rf 
noise  can  reduce  bunched  beam  lifetime  also.  We  are  able 
to  separate  these  effects  in  RHIC  by  comparing  gold  and 
deuterons  upon  which  IBS  has  a  negligible  effect.  An 
additional  diagnostic  tool  is  the  fine  structure  of  the 
longitudinal  Schottky  signals  at  high  frequency.  In  the 
gold/deuteron  run  these  techniques  indicated  a  problem  in 
the  rf  source. 

Spectral  purity  of  rf  source 

The  Schottky  spectrum  from  deuterons  showed  a  sharp 
line  at  120  Hz,  which  is  within  the  band  of  the 
synchrotron  frequencies.  In  fact,  there  was  evidence  of 
depopulation  of  the  distribution  in  the  neighborhood  of 
the  line.  The  strength  of  this  line  far  exceeded  the 
Schottky  power,  suggesting  a  coherent  behavior  for  all 
bunches  and  thereby  pointing  to  a  problem  with  the 
spectral  purity  of  the  rf  source.  A  high  dynamic  range 
measurement  of  the  rf  drive  signal  indeed  revealed  a  line 
120  Hz  from  the  carrier  (197  MHz)  at  -  72  dBc  in  a  10  Hz 
bandwidth.  The  generator  of  this  signal  was  the  HP8644B, 
phase  locked  to  28  MHz.  A  new  source  was  built  using 
the  direct  synthesis  technique  with  better  spectral  purity  (- 
90  dBc)  and  the  bunched  beam  lifetime  improved 
substantially.  The  master  10  MHz  clock  sets  the  ultimate 
noise  floor.  This  is  a  Stanford  Research  FS725  Rubidium 
disciplined  source  with  single  sideband  noise  level  less 
than  —130  dBc/Hz  at  10  Hz  offset  from  the  carrier.  We 
find  that  in  practice  the  noise  floor  is  dominated  by  the 
power  supply  noise  of  the  VME  crates  that  house  the 
synthesizers. 

Power  supply  ripple  in  driver  amplifier 
Another  possible  source  of  rf  noise  is  power  supply  ripple 
in  the  rf  drive  chain.  At  the  highest  rf  voltage  the  2  kW 
solid  state  ^ver  amplifiers  are  close  to  their  maximum 
output.  We  found  that  their  dc  regulators  exhaust  their 
compliance  voltage  and  180  Hz  line  frequency  ripple 
modulates  the  rf  output.  This  frequency  is  especially 
damaging  to  the  beam  since  the  band  of  synchrotron 
frequencies  encompasses  this  value.  The  power  supplies 
(120  A  @  60  V)  were  rebuilt  with  more  compliance. 
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Abstract 

In  this  paper,  we  summarize  the  R&D  status  of  the  X- 
band  power  source  development  for  the  GLC  (Global 
Linear  Collider,  previously  called  JLC)  project.  Main 
emphases  are  on  the  latest  achievements  of  the  PPM 
klystrons  and  the  development  of  the  IGBT  induction 
modulator.  The  pulse  compression  schemes  and  the 
optimisation  of  the  tunnel  layout  for  different 
configuration  of  the  main  linac  are  also  discussed. 

INTRODUCTION 

The  linear  collider  project  in  Japan,  used  to  be  called 
JLC  (Japan  Linear  Collider  ),  is  now  regarded  as  an  Asian 
project  promoted  by  the  Asian  Accelerator  Community 
(ACFA).  Addressing  this  major  strategy  change  more 
clearly,  the  name  of  the  project  was  recently  changed  to 
GLC  (Global  Linear  Collider).  The  GLC/NLC  design 
teams  have  been  investigating  the  DLDS  pulse 
compression  system  as  a  possible  high  efficiency  option. 
However,  the  baseline  pulse  compression  system  was 
recently  changed  to  the  dual-moded  SLED-II  system  to 
ensure  a  less  expensive  and  faster  demonstration  of  a  full 
RF  sub-unit  [1].  In  addition,  the  dual-moded  SLED-II 
system  is  based  on  the  single-moded  SLED-II  systems 
that  have  operated  at  the  NLCTA  for  over  five  years, 
providing  confidence  in  the  design.  The  schematic 
configuration  of  the  new  RF  power  source  unit  together 
with  accelerator  structures  is  illustrated  in  Fig.l.  A 
fundamental  power  source  unit  consists  of  one  pair  of 
periodic  permanent  magnet  (PPM)  focusing  klystrons. 
The  RF  pulses  from  each  klystron  are  1.6  s  in  length  and 
75  MW  in  power.  Then  a  time  compression  of  the  output 
pulses  fi-om  klystrons  is  applied  through  a  dual-moded 
SLED-II  pulse  compression  system,  which  compresses 
the  input  RF  pulse  with  a  time  compression  factor  of  1/4. 
This  is  accomplished  by  temporarily  storing  the  RF  power 
from  klystrons  within  a  pair  of  29  m-long  delay  lines.  A 
theoretical  power  gain  is  3.3.  With  a  10%  power  loss  in 
the  waveguides,  it  results  in  a  time-compressed  pulse  of 
450  MW,  400  ns,  as  delivered  to  the  entrance  of 
accelerator  stmctures.  The  output  power  from  SLED-II 
feeds  eight  accelerator  structures.  Two  dual  tunnels,  14.1 
km-long  each,  will  accommodate  the  two  main  linacs. 
Figure  2  shows  a  conceptual  view  of  the  RF  power  source 
unit  that  is  installed  in  the  klystron  tunnel,  together  with 
the  accelerator  stmctures  in  the  accelerator  tunnel. 

The  immediate  goal  of  GLC/NLC  is  to  satisfy  the  ILC- 
TRC  requirements,  which  include  tests  of  the  RF  power 
and  energy  handling  capability  of  the  dual-moded  SLED- 
II  pulse  compression  system  at  GLC/NLC  design  levels 
and  the  demonstration  of  the  operation  of  PPM  klystrons 
at  the  full  repetition  rate  of  120Hz  (NLC)  or  150Hz 
(GLC).  The  GLC/NLC  teams  are  currently  working  to 
fulfil  these  goals  in  2003-2004. 


Figure  1 :  Schematic  of  GLC  X-band  linac  RF  unit. 
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Figure  2:  Main  linac  tunnels  for  GLC. 

MODULATORS 

The  modulators  for  the  main  linacs  of  JLC  are  required 
to  produce  1.6  s  long,  500kV-260A  pulses  to  each 
klystron  with  an  efficiency  of  80%  at  a  repetition  rate  of 
150  Hz.  The  line-type  modulator,  like  those  presently 
used  for  klystron  testing  at  KEK,  has  some  known 
deficiencies.  The  thyratron  switch  tube  needs  frequent 
tuning  and  has  a  limited  lifetime  of  around  15,000  hours. 
The  thyratron  is  a  fast  on  switch,  but  is  slow  to  back  off 
The  overall  efficiency  of  the  modulator  is  50-60%.  due  to 
large  losses  in  various  components  and  relatively  slow 
pulse  rise  and  fall  times  as  dictated  by  the  pulse 
transformer  with  a  high  step-up  ratio. 

The  solution  to  these  problems  adopted  for  GLC  is  to 
introduce  semiconductor  device  as  the  switching  device. 
The  fast  on-off  Insulated  Gate  Bipolar  Insulator  (IGBT) 
solid-state  switch  is  used  as  a  power  switch,  and  it  is 
incorporated  into  an  induction-linac  type  modulator 
design.  The  solid-state  induction  modulator  [2]  is 
basically  a  large  stack  of  small  pulse  transformers.  The 
primaries  of  the  toroidal-cores  are  driven  in  parallel  by  a 
separate  set  (called  cell)  of  IGBT  switches  and  capacitors. 
While  the  individual  primaries  are  operated  at  a  relatively 
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low  voltage  (3.2  kV),  because  of  their  parallel  operation  a 
very  high  voltage,  adequate  for  driving  klystrons  without 
any  step-up  transformers,  is  induced  on  the  secondary. 

Previously,  so  called  the  linear  induction  modulator 
design  was  adopted  as  the  most  suitable  for  the  8-pack 
DLDS  configuration,  where  the  toroidal  cores  are  lined  up 
on  a  straight  line,  and  the  transformer  secondary  (made  of 
a  straight  HV-cable)  runs  through  their  center  for  a 
simpler  insulation  design.  Following  the  recent  change  in 
the  pulse  compression  scheme  from  the  DLDS  to  SLED- 
II  that  requires  only  a  pair  of  klystron  for  operation,  we 
went  through  re-optimisation  process  of  our  modulator 
design  for  the  2-pack  configuration  and  concluded  that 
the  4-tum  secondary  is  the  best  configuration. 

In  the  new  design,  the  toroidal  cores  are  stacked  on  two 
stories,  and  the  4-tum  secondary  (made  of  copper  tubes) 
windings  are  threaded  through  them  as  illustrated  in 
Fig.3.  A  driver  cell,  including  an  IGBT  switch  and  two 
capacitors  on  a  printed  circuit  board,  is  designed  as  a 
plug-in  module.  It  can  be  easily  accessed  and  replaced  in 
the  field  for  fast  maintenance.  NLC  has  already  built  a  4- 
pack  prototype  with  a  3-tum  secondary,  and  has 
demonstrated  a  high  efficiency  of  more  than  80%  and  a 
pulse  shape  with  fast  rise  and  fall  times  of  200-300  ns. 

In  the  present  prototype  design,  one  modulator  powers 
two  klystrons.  It  consists  of  42  FINEMET  cores  and  84 
IGBT  drivers,  including  5%  spears  for  the  waveform 
compensation.  It  is  designed  to  produce  a  1.6  s-long 
output  pulse  of  500kV-1060A  with  80%  efficiency.  The 
electrical  and  mechanical  designs  are  nearing  completion, 
and  a  2-pack  prototype  will  be  operating  in  fall  of  2003. 
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Figure  3:  Side  (top)  and  top  (bottom)  views  of  the  IGBT 
induction  modulator. 

PPM  KLYSTRONS 

The  X-band  klystrons  at  GLC  must  produce  75  MW  in 
1 .6  s  pulses  with  55%  efficiency.  The  development  of  the 
X-band  power  sources  has  been  one  of  the  major  goals  for 


GLC/NLC  R&D  program.  The  actual  R&D  begun  15 
years  ago  and  has  been  much  more  difficult  than  initially 
anticipated.  But  now,  the  design  is  finally  converging. 

The  power-consuming  solenoid  magnets  cannot  keep 
the  operating  cost  manageable,  and  thus  Periodic 
Permanent  Magnet  (PPM)  klystrons  are  being  developed 
which  would  consume  no  electric  power  for  focusing,  and 
would  thus  have  a  higher  net  efficiency.  KEK  carried  out 
a  two-year  project  with  Toshiba  to  produce  two  PPM 
klystrons  in  two  stages  [3].  Figure  4  shows  photos  of  the 
first  two  X-band  PPM  klystrons  built  in  Japan,  PPM-1 
(left)  and  PPM-2  (right).  The  PPM-1  (later  rebuilt  as 
PPM- 1.5)  achieved  56  MW  power  with  50%  efficiency  at 
the  standard  1.5  s  pulse  length.  Neither  oscillation  of 
parasitic  mode  nor  gun  oscillation  was  observed.  The 
electron  beam  transmission  was  found  to  be  100%  when 
no  RF  signal  was  applied.  However,  since  PPM-1  did  not 
implement  full  features  of  body  cooling,  the  repetition 
rate  was  limited  at  25  Hz. 

The  second  klystron  (PPM-2)  was  also  tested.  The  PPM 
introduced  a  full  water-cooling  system  of  the  klystron 
body  and  the  PPM  stack.  For  a  higher  efficiency,  some 
revisions  of  the  resonant  frequency  of  the  penultimate 
cavity  were  made.  The  PPM-2  produced  73.2  MW  at  500 
kV  for  a  1.4  s  pulse  length.  At  70  MW,  the  standard 
1.5  s  pulse  was  attained  with  an  efficiency  of  55%.  The 
maximum  efficiency  reached  56%.  The  performance  of 
the  PPM-2  klystron  is  tabulated  in  Table  1.  In  respect  of 
power,  efficiency  and  pulse  length,  PPM-2  almost 
achieved  the  GLC  specifications.  The  testing  was 
terminated  by  the  breakdown  of  the  pulse  transformer. 


Figure  4:  Photo  of  the  first  (PPM-1,  right)  and  the  second 
(PPM-2,  left)  PPM  klystrons  for  GLC. 

Table  1:  Design  parameters  and  actual  performance  of  the 
PPM-2  klystron. 


Design 

Achieved 

Peak  power  (MW) 

75 

75.1 

Efficiency  (%) 

55 

56 

Pulse  length  (  s) 

1.5 

1.5(at70MW) 

1.4(at73.2MW) 

Repetition  rate  (pps) 

150 

25 
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Following  the  success  of  those  two  klystrons,  the 
development  plan  was  expanded  for  the  next  two  years.  In 
JFY  2001,  the  PPM-3  klystron  was  built  and  high  power 
tested.  The  main  goal  of  this  klystron  was  to  achieve  the 
high  repetition  operation  (limited  to  50  Hz  by  the 
specification  of  the  modulator)  to  prove  that  the  PPM 
klystron  is  ready  for  use  at  GLC.  To  this  end,  refining  and 
remodelling  of  the  water-cooling  system  and  the  RF 
windows  were  made.  Two  2nd-harmonic  cavities  were 
also  installed  to  increase  the  efficiency.  The  output  power 
of  65  MW  was  attained  at  a  1.5  s  pulse  length  with  53% 
efficiency,  as  summarized  in  Table  2.  The  PPM-3 
klystron  successfully  doubled  the  repetition  rate  to  50Hz 
(limited  by  the  modulator).  The  TRC  Report  addressed 
that  “the  Working  Group  considers  the  JLC-X  PPM-2 
klystron  a  proof  of  existence  (although  tested  only  at  half 
the  repetition  rate)”.  The  testing  was  terminated  by  the 
failure  of  the  one  of  the  output  windows,  though  the 
window  outperformed  the  any  of  previously  made 
windows. 

Table  2:  Design  parameters  and  actual  performance  of  the 
PPM-3  klystron. 


Design 

Achieved 

Peak  power  (MW) 

75 

65 

Efficiency  (%) 

55 

53 

Pulse  length  (  s) 

1.5 

1.5 

Repetition  rate  (pps) 

150 

50 

KEK  is  committed  to  trying  its  best  to  fulfil  the  TRC 
R2  requirement  on  PPM  klystrons  in  2003-2004.  The 
remodelled  PPM-2  with  new  windows  was  shipped  to 
SLAC  and  its  high  power  testing  is  under  way.  The  aim  is 
to  satisfy  the  ILC-TRC  requirement  R2  that  demands  the 
demonstration  of  the  operation  at  the  full  repetition  rate  of 
120Hz  (NLC)  or  150Hz  (GLC).  The  PPM-4  klystron, 
with  an  improved  cooling  system,  is  now  under  high 
power  testing.  The  PPM-4  will  be  also  shipped  to  SLAC 
for  testing  at  120Hz  repetition  rate  after  the  conditioning 
at  KEK  is  finished.  The  PPM-5  with  further  improved 
cooling  system  is  being  designed  for  completion  in 
December  2003. 

DUAL-MODED  SLED-H 

The  SLED-II  uses  a  pair  of  high-Q  resonant  delay  lines 
as  the  temporary  energy  storage  to  produce  flat  output 
pulses.  In  the  case  of  Ae  single-moded  SLED-II,  when 
an  output  pulse  length  of  400  ns  is  required,  as  in  the  case 
of  GLC,  the  natural  length  of  the  required  delay  lines 
would  be  58m.  This  tends  to  result  in  a  tunnel  layout  that 
is  heavily  crowded  with  many  delay  lines  that  are 
extending  from  neighboring  klystron  pairs.  To  address  the 
space  issue,  a  breakthrough  concept  of  dual-moded 
SLED-II  was  invented  for  NLC  at  SLAC  [4],  and  has 
been  adopted  for  GLC  as  well.  In  this  system,  by  using 
two  modes  in  the  delay  lines,  TEOl  and  TE02  modes,  the 
delay  lines,  with  a  physical  length  of  29  m,  can  act  as 


having  an  effective  length  of  58  m,  adequate  for 
producing  400  ns  output  pulses.  The  intrinsic  efficiency 
of  this  dual-moded  SLED-II  pulse  compression  system  is 
approximately  80%.  In  addition,  by  running  the  two  pairs 
of  delay  lines,  originating  from  two  pairs  of  klystrons 
driven  by  a  single  modulator  unit,  into  two  opposite 
directions,  a  very  nicely  packed  installation  of  the  RF 
power  sources  can  be  realized.  This  is  illustrated  in  Fig.  5. 
In  this  configuration,  the  number  of  parallel  running  delay 
lines  will  be  limited  to  10  at  maximum,  reduced  from  18 
in  the  nominal  8-pack  configuration,  and  the  delay  lines 
are  almost  uniformly  distributed  through  the  linac.  The 
working  principle  of  the  dual-moded  SLED-II  has  been 
demonstrated  in  a  low  power  testing  by  the  US  NLC 
group  in  2002.  Preparation  work  is  under  way  for  a  high- 
power  testing  of  the  dual-moded  SLED-II  system  in 
NLCTA  at  SLAC,  as  a  joint  (8-pack)  project  between  the 
NLC  and  GLC  groups,  in  order  to  fulfil  the  ILC-TRC 
requirements.  In  the  first  round  of  experiment  in  2003, 
four  50  MW  solenoid-focused  klystrons,  operating  with 
1.6  s  pulse  length,  will  be  used.  With  this  set-up  a 
production  of  600  MW  in  400  ns  pulses  is  expected.  TTiis 
will  allow  testing  of  many  of  the  RF  components  at  power 
levels  higher  by  about  30%  than  what  is  needed  for 
NLC/GLC.  It  is  also  planned,  in  late  2003  or  early  2004, 
to  use  a  pair  of  PPM  klystrons  as  the  power  source  for 
this  SLED-II  test  station.  KEK  is  participating  in  this  8- 
pack  project  by  providing  some  SLED-II  components.  It 
was  reported  that  the  tapers  used  at  the  original  dual¬ 
mode  SLED-II  delay  lines  may  be  a  reason  of  measured 
degradation  of  the  compression  performance  by  a  factor 
of  10%.  KEK  has  designed  alternate  tapers  for  the  dual¬ 
mode  SLED-II  delay  lines  to  improve  its  performance  and 
they  are  under  fabrication.  They  will  be  shipped  to  SLAC 
to  participate  in  the  8-pack  project. 


Klyebons 


Figure  5:  Optimised  layout  of  SLED-II. 
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Abstract 

We  present  a  multimode  X-band  rf  pulse  compression 
system  suitable  for  the  Next  Linear  Collider  (NLC).  The 
NLC  main  linacs  operate  at  1 1 .424  GHz.  A  single  NLC  rf 
unit  is  required  which  produce  400  ns  pulses  with  600 
MW  of  peak  power.  Each  rf  unit  should  power 
approximately  5  meters  of  accelerator  structures.  These  rf 
units  consist  of  two  75  MW  klystrons  and  a  dualmoded 
resonant  delay  line  pulse  compression  system  [1]  that 
produce  a  flat  output  pulse.  The  pulse  compression 
system  components  are  all  over  moded  and  most 
components  are  design  to  operate  with  two  modes  at  the 
same  time.  This  approach  allows  increasing  the  power 
handling  capabilities  of  the  system  while  maintain  a 
compact  inexpensive  system.  We  detail  the  design  of  this 
system  and  present  experimental  cold  test  results.  The 
high  power  testing  of  the  system  is  verified  using  four  50- 
MW  solenoid  focused  klystrons.  These  Klystrons  should 
be  able  to  push  the  system  beyond  NLC  requirements. 

INTRODUCTION 

Most  proposed  design  for  future  linear  colliders 
contains  long  runs  of  waveguides.  In  X-band  room 
temperature  designs  these  runs  are  in  the  order  of  100  km 
or  more.  These  waveguides  are  used  for  rf  distribution 
and  rf  pulse  compression.  In  particular,  multi-bunch 
operation  requires  the  rf  pulse  compression  system  to 


have  flat  output  pulse  for  a  relatively  long  duration. 
Producing,  efficiently,  such  a  flat  pulse  requires  long 
waveguide  delay  sections.  To  reduce  the  losses  and  to 
enhance  the  power  handling  capabilities  one  must  use 
overmoded  waveguides.  Manipulating  rf  signals  in  highly 
overmoded  waveguide  is  not  trivial.  With  even  simple 
^ctions,  such  as  bends,  the  designs  are  quit  complicated 
in  order  to  insure  the  propagation  of  a  single  mode 
without  losses  due  to  mode  conversion  to  other  modes. 

To  reduce  the  length  of  these  waveguides  we  suggested 
multimoded  systems  [2].  In  these  systems  the  waveguide 
is  utilized  several  times  by  carrying  different  modes  at  the 
same  time.  At  first  glance  one  might  think  that  this  would 
lead  to  extra  complications  in  the  design  of  most  rf 
components.  Indeed,  one  has  to  invent  a  whole  new  set  of 
multimoded  components.  However,  since  simple 
manipulations  such  as  bending  an  overmoded  waveguide 
tends  to  couple  the  modes  together;  it  turns  out  that 
multimoded  components  have  simpler  designs.  This  is 
also  true  from  the  mechanical  design  point  of  view;  most 
of  these  components  are  compact. 

Here,  we  will  review  the  design  of  the  dual-mode  X- 
band  rf  system  proposed  for  the  Next  Linear  Collider 
(NLC).  Recent  experimental  data  are  presented.  A  proof 
of  principle  experiment  is  being  constructed  at  SLAC. 
The  total  output  power  is  600  MW  for  400  nanoseconds. 
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SYSTEM  DESCRIPTION 

The  system  is  shown  in  Fig.  1.  Four  50  MW  klystrons 
will  power  a  fully  dual-moded  resonance  delay  line  pulse 
compression  system.  Both  the  transfer  lines  and  the  delay 
lines  are  dual-moded. 

The  modes  carried  by  the  transfer  lines  are  controlled  by 
the  rf  phases  of  the  different  klystrons  The  modes  in  the 
delay  lines  are  controlled  by  a  set  of  mode  converters  at 
the  input  and  the  end  of  each  delay  line.  By  manipulating 
the  modes  in  both  the  transfer  lines  one  could  achieve,  no 
pulse  compression  or  a  pulse  compression  ratio  of  4.  The 
total  output  power  is  200  MW  for  1.6  microseconds,  and 
600  MW  for  400  nanoseconds. 


We  have  adopted  a  general  philosophy  in  our  designs. 
Most  of  the  manipulation  of  rf  systems  are  made  with 
planer  components.  These  are  rectangular  waveguides 
with  all  manipulations  are  made  in  the  H-plane.  Two 
modes  are  allowed  to  propagate:  the  TEoi  and  the  TE02 
modes.  Because  manipulations  are  only  two-dimensional 
the  height  of  the  waveguide  is  a  free  parameter,  which  is 
used  to  reduce  the  field  and  losses  in  the  system.  In  this 
system  we  increased  the  height  of  most  of  the  rectangular 
components  to  reduce  the  electric  field  level  to 
approximately  45  MV/m.  The  waveguide  cross-section  is 
close  to  a  square.  We  were  careful  not  to  increase  the 
height  more  than  necessary  to  avoided  complications  that 
results  from  increased  level  of  overmoding. 


Figure  2.  The  dualmode  transfer  line. 


To  transport  the  rf  signal  we  use  circular  waveguides. 
These  carry  the  TEoi  and  the  TEn  modes.  We  connect 
between  circular  and  rectangular  waveguides  using  a 
special  types  of  tapers;  mode  preserving  circular-to- 
rectangular  tapers.  These  convert  the  TEjo  rectangular 
mode  into  the  TEn  circular  mode  and  the  TE20  rectangular 
mode  into  the  TEoi  circular  mode.  All  vacuum  functions, 
connection  flanges  and  pumpout  devices  are  implemented 
in  circular  waveguides.  We  also  implemented  the 
diagnostic  devices,  i.e.;  mode  selective  directional 
coupler,  in  circular  waveguides. 

Die  highly  overmoded  delay  lines  carry  both  the  TEoi 
and  the  TE02  modes.  Because  these  two  modes  have  no 
axial  wall  currents  the  design  of  the  connection  flanges  is 
simplified. 


TRANSFERLINE 

The  design  of  the  transfer  line  and  the  pulse 
compression  head  is  shown  in  Fig.  2.  The  four  klystrons 
are  divided  into  two  banks  each  contain  two  klystrons. 
Each  two  klystrons  are  combined  together  to  produce, 
essentially,  a  single  rf  source  with  an  output  power  of  100 
MW  for  a  1 .6  ps.  These  two  1 00  MW  rf  source  feeds  the 
combiner  (see  Fig.  2).  The  combiner  launches  two  modes 
in  the  system.  The  weight  of  each  mode  is  dependent  on 
the  relative  phase  and  amplitude  between  the  two  banks  of 
klystrons.  The  system  is  designed  such  that  if  the 
launched  mode  is  the  TE20  rectangular  (TEoi  circular)  then 
the  power  is  directed  to  the  delay  line  and  the  compressed 
pulse  is  launched  at  the  output  towards  the  load  tree  in  the 
same  mode.  On  the  other  hand  if  the  launched  mode  is  the 
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TE]o  rectangular  (TEn  circular)  the  power  is  directed  to 
the  loads  at  the  same  mode  without  pulse  compression. 

In  the  following  we  will  present  and  describe  each 
component  in  that  line  separately. 


The  Combiner 


The  combiner  design  together  with  an  HESS  illustration 
to  its  functionality  is  shown  in  Fig.  3. 


Figure  3.  The  dual  moded  combiner/splitter  design. 


Circular-to-Rectangular  Taper 

Figure  4.  Shows  the  design  of  the  circular-to- 
rectangular  taper  together  with  an  HFSS  simulation 
results. 


Figure  4.  Dualmode  Circular-to-Rectangular  Taper. 

To  test  the  functionality  of  this  taper  together  with  the 
splitter  we  connected  the  two  together  as  shown  in  Fig.  5. 
The  TEoi  mode  is  launched  through  the  circular  part  of  the 
taper  using  a  wraparound  mode  converter.  Then,  the 
output  of  the  taper  launches  the  TE20  mode  in  the 
symmetry  port  of  the  combiner.  The  signal  is  split  equally 
in  the  remaining  two  ports.  We  measured  this  signal 
through  a  specially  designed  set  of  instrumental  height 
and  width  tapers,  which  reduces  the  waveguide  cross- 
section  to  standard  size  and  hence  connectable  to  the 
network  analyzer. 

The  results  of  these  measurements  are  shown  in  Figs. 
6a  and  6b.  From  Fig.  6a  one  can  estimate  the  total  losses 
of  the  combiner,  the  circular  to  rectangular  taper,  the 
wraparound  mode  converter,  and  the  instrumental  tapers 


to  be  about  1.3%.  Because  of  the  asymmetry  of  the  TE20 
mode  one  should  observe  a  it  phase  difference  between 
the  two  ports.  Within  the  measurment  tolerances,  this  is 
verified  in  the  experimental  data  shown  in  Fig.  6b. 


To  instrumental  width  taper  - 
To  instrumental  height  taper  - 
To  Network  analyzer 


Figure  5.  Cold  Test  Setup  for  the  Combiner  and  Circular- 
to-Rectangular  Taper. 


a) 


Frequency  (GHz) 

b) 

Figure  6.  Cold  Test  Results  of:  Splitter-Circular  to 
rectangular  taper-Wraparound  mode  converter- 
instrumental  height  taper-instrumental  width  taper.  Total 
losses  at  1 1 .424  GHz  =1 .3%.  a)  Magnitude,  b)  Phase. 
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The  Pumpout 

Fig.  7  shows  the  structure  of  the  circular  pumpout.  The 
number  of  holes  around  the  azimuth  is  greater  than  the 
maximum  azimuthal  variation  for  any  mode  that  can 
propagate  in  this  waveguide.  The  distances  between  the 
rows  of  holes  are  adjusted  to  cancel  any  reflection  for 
both  propagating  modes.  Fig.8  shows  the  measured 
transmission  for  both  modes. 


Figure  7.  Pumpout  design:  the  set  of  holes  are  designed  to 
cancel  any  coupling  or  self-coupling  for  the  TEqi  and  the 
TE„ 


IIJ5  11.4  I1.4J  II J 

Frequency  (GHz) 


Figure  8.  Cold  Test  Results  of  the  dualmode  pumpout 

Dualmode  Directional  Coupler 

The  design  is  shown  in  Fig.  9.  Two  waveguides  are 
coupled  through  a  set  of  holes  to  the  main  circular 
waveguide.  To  couple  the  TEoi  circular  mode  the  width  of 
the  rectangular  waveguide  is  adjusted  to  match  the  phase 
velocities.  Because  the  circular  waveguide  is  overmoded 
and  the  fundamental  TEn  mode  has  a  phase  velocity  close 
to  the  speed  of  light,  one  can  not  match  this  velocity  in  a 
single  moded  rectangular  waveguide.  To  match  the 
velocities  we  had  to  use  a  ridge  waveguide. 

To  make  the  coupler  directional  and  to  discriminate 
coupling  for  unwanted  modes  the  coupling  hole  pattern 
was  chosen  to  represent  a  Hamming  window.  Finally,  one 
has  to  bend  the  rectangular  and  ridge  waveguide  so  that 


one  can  connect  vacuum  window  and  diagnostic  devices. 
These  bends  also  act  as  tapers  to  slandered  size 
rectangular  waveguides;  WR90  in  our  case.  The  proper 
matching  of  these  bends  and  the  attached  vacuum  window 
is  crucial  for  the  marinating  good  directivity. 


Figure  9.  Dualmode  directional  coupler  for  system 
diagnostics. 


In  Fig.  10  we  show  the  coupling  to  the  TEl  1  arm  due  to 
an  injected  TEOI  mode.  Knowing  that  the  coupling  to  the 
TEOI  arm  is  -47  dB,  one  estimates  a  minimum  isolation 
of  -45  dB.  The  dynamic  range  of  our  equipment  limited 
these  measurements. 


Coupling  between  the  mode  and  the  TE^  ^  coupler  arm 


Frequency  (GHz) 

Figure  10.  Coupling  to  the  TEn  arm  due  to  a  TEqi  mode. 
The  dynamic  range  of  the  equipment  limit. 

The  Sled  Head 

The  heart  of  the  pulse  compression  system  is  shown  in 
Fig.  1 1.  An  illustration  of  its  fbnctionality  is  shown  in  Fig. 
12.  When  the  injected  mode  is  the  TEio  (TEn  circular)  the 
signal  passes  through.  When  the  injected  mode  id  the  TE20 
(TEoi  circular)  the  signal  is  sent  to  the  delay  line  and  the 
compressed  pulse  is  sent  to  the  output. 
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Figure  1 1 .  Sled  Head  Design:  Basically  three  planer 
hybrids  on  one  single  substrate 


pumping  holes 


THE  DUALMODE  DELAY  LINE 

Consider  the  delay  line  shown  in  Fig.  1.  The  rf  signal  is 
injected  into  the  delay  line  waveguide  in  the  TEOl  mode. 
This  is  the  only  azimuthally  symmetric  TE  mode 
supported  at  the  input  port.  The  waveguide  is  then  tapered 
up  to  a  diameter  that  supports  several  TEOn  modes.  The 
TEOl  mode  travels  all  the  way  to  the  end  of  the  delay  line 
and  then  gets  reflected  and  converted  into  the  TE02  mode. 
The  TE02  mode  travels  back  to  the  beginning  of  this  line 
and,  since  the  input  of  the  line  cuts  off  this  mode,  gets 
reflected.  If  the  input  taper  is  designed  carefully,  TE02 
can  be  reflected  perfectly.  Then,  because  of  reciprocity, 
the  TE02  wave  gets  converted  back  to  TEOl  at  the  end  of 
the  line.  This  mode  then  travels  back  and  exits  the  line. 
The  total  delay  in  the  delay  line  is  twice  that  seen  by  a 
single  moded  line.  Hence,  one  can  cut  the  length  of  delay 
line  by  a  factor  of  two. 

The  mode  converter  at  the  end  of  the  delay  line  is 
shown  in  Figure  13.  It  is  basically  a  step  in  the  circular 
waveguide.  If  the  big  waveguide  supports  only  the  TEqi 
and  the  TE02  mode  among  all  TEon  modes  and  the  small 
waveguide  supports  only  the  TEoi  mode,  then  the  device 
could  be  viewed  as  a  three-port  network.  One  can  choose 
the  diameter  of  the  small  guide  such  that  the  couplings 
between  each  mode  in  the  large  guide  and  the  single  mode 
in  the  small  guide  are  equal.  In  this  case,  it  is  a 


symmetrical  three-port  network.  A  theory  for  such  a 
device  is  presented  in  [3].  It  shows  that  there  exists  a 
position  for  placing  a  short  circuit  in  the  middle  arm  of 
this  three-port  network  (the  small  guide  in  this  case)  that 
makes  it  possible  to  transfer  the  power  perfectly  between 
the  remaining  two  arms,  or  in  this  case  between  the  TEoi 
and  the  TE02  modes  in  the  large  guide. 

The  only  step  left  in  the  design  of  this  end  mode 
converter  is  a  careful  taper  design  that  reduces  the 
diameter  of  the  delay  line  into  the  diameter  of  a 
waveguide  that  can  support  only  TEoi  and  TE02  modes. 
The  taper  needs  to  transfer  both  modes  perfectly.  We 
made  the  compact  taper  by  a  computer-optimized  series 
of  steps  as  shown  in  Fig.  13.  Similar  design  have  been 
implemented  for  the  input  taper  which  Transfer  the  TEOl 
mode  perfectely  and  reflects  the  TE02  mode  without  any 
mode  convesion  to  any  other  TEOn  modes. 


Figme  13.  End  Taper  and  Mode  converter.  The  movable 
cup  at  the  end  of  the  taper  reflects  the  TEOl  mode  into 
the  TE02  mode. 
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Abstract 

SCSS:  SPring-8  Compact  SASE  Source  (Soft  X-ray 
PEL  project)  was  started  in  2002  in  order  to  establish  the 
technology  required  for  the  X-ray  Free  Electron  Laser  at  1 
Angstrom  region  [1].  Three  key  technologies:  the  short- 
period  in-vacuum  undulator,  the  high-gradient  C-band 
accelerator  and  the  low  emittance  electron  source  using 
CeBe  single  crystal  thermionic-cathode  enable  to  design 
the  SCSS  machine  size  withinlOO  m  facility.  The  C-hand 
RF  system  R&D  was  originally  started  at  KEK  to 
establish  linear-accelerator  technology  for  the  e^e~  Linear 
Collider  project  [2],  and  transferred  to  SCSS  project  at 
SPring-8/RIKEN.  In  SCSS,  8  klystrons  and  modulators, 
16  accelerating  stmctures  will  be  used  to  accelerate  the 
beam  up  to  1  GeV.  Construction  and  operation  of  SCSS 
machine  will  provide  realistic  information  on  reliability, 
maintainability  and  cost  of  the  C-band  RF  system,  which 
will  be  very  useful  to  judge  the  reality  of  Linear  Collider 
project  based  on  C-band  technology. 

INTRODUCTION 

An  X-ray  FEL  based  on  the  SASE  concept  requires  a 
large-scale  accelerator  and  a  long  undulator.  It  can 
provide  X-ray  beam  into  a  few  beam  lines  only,  therefore 
the  construction  cost  per  one  beam  line  becomes  quite 
higher  than  that  in  the  conventional  SR  machines. 

Since  the  X-ray  FEL  will  open  a  wide  range  of  new 
science,  many  FEL-machines  will  be  required  all  over  the 


world  in  the  future,  similar  to  the  today’s  SR  source 
facilities.  To  realize  this  dream,  the  machine  cost  should 
be  minimized.  Reasonable  cost  would  be  the  construction 
cost  of  a  few  X-ray  beam  lines  in  the  existing  SR 
facilities.  To  do  this,  first  of  all,  we  have  to  make  the 
machine  size  compact,  because  the  building  as  well  as  the 
machine  itself  becomes  inexpensive.  This  is  one  of  the 
important  target  in  SCSS  project,  thus  we  put  the  word 
“Compact”  in  the  project  name. 

In  the  SCSS  project,  we  achieve  this  target  by  the 
following  three  key  technologies,  and  they  are  illustrated 
in  Fig.  1 . 

(1)  Low  emittance  beam  injector  based  on  thermionic 
single  crystal  CeB6  cathode,  which  makes  the  FEL  gain 
higher,  and  saturation  length  shorter. 

(2)  High  gradient  C-band  accelerator.  The  accelerating 
gradient  is  as  high  as  40  MV/m  for  single  bunch,  which 
enables  the  main  linac  length  being  only  30  m  long  to 
reach  1  GeV. 

(3)  In-vacuum  undulator  provide  high  field  at  short 
undulator  period,  thus  the  beam  energy  becomes  lowered, 
resulting  in  smaller  the  accelerator  size. 

This  paper  describes  the  basic  machine  design,  and 
current  status  of  hardware  R&D  on  SCSS. 

SCSS  MACHINE 

Machine  Layout 

Figure  2  shows  the  machine  layout  at  the  final  stage  of 
SCSS  project,  whose  parameter  is 
summarized  in  Table- 1.  SCSS  consists  of 
the  low  emittance  electron  injector,  the 
C-band  high-gradient  accelerator,  the 
bunch  compressors  and  the  undulator 
section  for  FEL  interaction. 

In  order  to  saturate  FEL  at  shortest 
wavelength  in  SCSS:  Xx  =3.6  nm  within 
20  m,  we  need  electron  beam  with  low 
transverse  emittance  below  2  Ji-mm.mrad, 
and  short  bunch-length  of  0.5  psec.pwHM. 
the  peak  current  of  2  kA,  and  1  nC 
charge.  The  key  issue  in  design  is  how  to 
generate  such  a  high  quality  beam.  We 
decided  to  use  high-voltage  electron  gun 
using  single  crystal  CeBs  cathode, 
followed  by  sub-harmonic  buncher. 


*Tsumoru  Shintake:  shintake@.SDring8.or.iD 


Compact  FEL  System 
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Low  Emittance  Injector  Short  Saturation  Length 

High  Gradient  Accelerator  Short  Accelerator  Length 

KEK  C-band  35  MV/m  x  30  m  =  1  GeV 

Short  Period  Undulator  Lower  Beam  Energy 

Short  Saturation  Length 

Kitamura’s  In-Vacuum  Undulator  :  E  =  1GeV,  Au  =  15  mm,  X.x  =  3.6  nm 


Figure  1:  What  makes  SCSS  compact? 
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E  =  0.5  MeV 
q  =  1  nC 
lpk  =  3A 
At  =  0.33  nsec 


E  =  230  MeV 
q  =  1  nC 
Ipk  =  2  kA 
At  =  0.5  psec.FvuHM 
Az  =  0.15  mm.FWHM 


E  =  1  GeV 
q  =  1  nC 
Ipk  =  2  kA 
At  =  0.5  psec.FWHM 
Az  =  0.15  mm.FWHM 
(ie/E  =  2x10“' 

£n  =  2  itmm.mrad 


Ax  =  3.6  nm 
p  =  8.9x10“* 
Lg  =  0.94  m 
Lsat  =  20  m 
Pfeat  =  1.9GW 


500  kV  476  MHz 
Pulse  Gun  Buncher 
-200  kV 


C'band  Linac 


C>band  Linac 


Undulator 


476  MHz 
Booster  Cavity 
-600  kV 


40  MV/m 
1.8  mx  4/unit 
288  MeV/unit 


Xbar>d 

Correction  Cavity 
«70MV 


40  MV/m 
1 .8  m  X  4/unit 
288  MeV/unit 


Xu  =  15  mm 
Kmax  =  1.3 
gap.min  =  3.7  mm 
<px.y>=  10  m 
L  =  4.5x5  =  22.5m 


Figure  2:  Four  unit  of  the  C-band  RF-system  will  be  used  in  the  main  linear  accelerator  of  SCSS  project. 


booster  and  L-band  buncher  accelerator.  This  is  the 
commonly  used  injector  configuration  in  traditional 
electron  accelerator.  Using  small  size  cathode,  and  high 
voltage  gun,  the  low  emittance  beam  can  be  generated. 
The  design  detail  of  the  electron  gun  is  reported  by  K. 
Togawa  at  this  conference  [3]. 

To  make  short  bunch,  the  beam  is  chopped  by  a  beam 
deflector,  then  velocity  modulated  in  sub-harmonic 
buncher,  and  the  bunch  length  is  compressed  with 
velocity  bunching  in  drift  section.  Booster  cavity  raises 
the  beam  voltage  to  1  MeV  to  avoid  space-charge  break, 
and  the  first  section  of  the  L-band  accelerator  compresses 
the  bunch  further.  The  beam  energy  reaches  to  20  MeV 
after  the  L-band  accelerator.  Numerical  simulation 
predicted  the  r.m.s.  emittance  around  1  n.mm.mrad,  at  5 
psec  FWHM  bunch  length,  and  0.5  nC  charge. 

Table-1  SCSS  design  parameter  at  final  stage:  1  GeV. 

Note  that  the  bunch  length  is  denoted  by  FWHM  value. 


bunch  charge 
Normalized  emittance 
final  electron  energy 
final  r.m.s.  energy  spread 
final  FWHM  bunch  length 

peak  current 
undulator  period 
radiation  wavelength 
minimum  gap 
maximum  K-parameter 
imdulator  unit  length 
total  undulator  length 
beta  function 
FEL  parameter 
gain  length 
saturation  length 
saturation  power 


2 

E 

1 

Os 

0.02 

Az 

0.15 

At 

0.5 

V 

2 

15 

A. 

3.6 

g 

3.7 

K 

1.3 

4.5 

22.5 

P 

10 

P 

8.9 

0.94 

•^sat 

20 

■^sat 

2.0 

nC 

Itmm.mrad 

GeV 


As  the  undulator  section,  we  use  5  segments  of  the  in¬ 
vacuum  undulator  [4].  The  permanent  magnet  sits  inside 
vacuum,  it  can  come  close  to  the  beam,  thus  it  has 
advantage  to  generate  high  field  at  short  period.  SPring- 
8/RIEKN  has  enough  experience  on  this  design  of 
undulator,  at  present,  19  in- vacuum  undulator  based  on 
this  scheme  have  been  installed  at  SPring-8.  This  type  has 
a  great  flexibility  for  beam  operation  of  FEL.  For 
example,  for  initial  beam  commissioning  or  machine 
tuning  of  upstream,  the  gap  can  opened  widely.  For  the 
FEL  operation  we  can  close  down  to  small  gap.  The  first 
model  for  SCSS  project  has  been  developed  in  2002,  and 
its  field  quality  met  the  requirement. 

C-BAND  MAIN  ACCELERATOR 

System  Configuration 

We  use  four  units  of  C-band  RF-system  in  1  GeV 
machine  as  shown  in  Fig.  2.  In  each  unit,  two  50  MW 
klystron  will  be  used  in  a  pair,  and  those  output  power 
will  be  combined  as  shown  in  Fig  3.  Through  the  rf-pulse 
compressor,  the  peak  power  is  raised  3.5  times  higher  and 


c-band  LINAC  RF-SYSTEM  LINEAR  COLLIDER 
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Figure  3:  One  unit  of  the  C-band  electron  accelerator  system. 
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Figure  4:  Klystron  modulator  (front)  and  50  MW  C- 
band  klystron  with  pulse  transformer  tank  (back). 

fed  into  four  accelerating  structure.  The  nominal 
accelerating  gradient  is  35  MV/m  for  multi-bunch  mode, 
and  40  MV/m  for  single  bunch.  While  the  multi-bunch 
operation  is  essential  in  e+e-  linear  collider  to  achieve 
higher  luminosity,  it  is  an  optional  mode  in  X-FEL  project. 

Klystron  Modulator  Power  Supply [5] 

To  make  the  hardware  system  simple  and  maintenance 
easier,  we  decided  to  use  the  same  model  of  the  modulator 
power  supply  to  feed  pulsed  HV  power  to  the  electron 
gun,  the  L-band  accelerator  and  C-band  accelerator.  Not 
only  the  hardware  itself,  but  also  the  control  system,  its 
software  and  manpower  can  be  shared. 


Figure  5:  All  of  the  high  voltage  components  are 
immersed  in  the  insulation  oil  inside  a  tank.  The  oil 
tank  is  made  by  standard  panels  commonly  used  in  the 
water  supply. 


We  use  the  PFN  line  type  modulator.  As  the  HV 
switching  device,  we  chose  the  thyratron  tube.  With 
careful  design  on  triggering  circuitry  and  assembly 
method,  the  thyratron  has  long  enough  life-time,  and  quite 
reliable.  We  use  twin-pulse  trigger,  which  ensures  to  form 
uniform  plasma  density  during  hydrogen  gas-discharge 
process.  The  thyratroii  tube  is  housed  in  a  chimney, 
immersed  in  forced  flow  of  insulation  oil,  thus  the 
temperature  is  kept  constant,  which  is  important  to 
preserve  optimum  gas  pressure  for  the  switching. 

In  SCSS  project,  we  do  not  have  R&D  program  for 
solid-state  switch  to  replace  the  thyratron  tube.  In  the 
future  Linear  Collider  project,  it  is  certainly  necessary  to 
use  solid-state  switching  devices  for  maintenance  reason 
of  large  scale  machine.  SCSS  is  a  still  small  machine. 

Fig.  4  shows  the  newly  developed  klystron  modulator. 
All  of  the  HV  circuit  components  are  mounted  in  a 
shielding  tank  as  Fig.  5,  and  immersed  with  insulation  oil. 
Merits  of  this  closed  design  are 

(1)  Compact.  W  l.VmxD  1.2mxH  Im. 

(2)  Good  EMI  shield. 

(3)  Better  cooling  for  HV  component. 

(4)  Eliminating  cooling  air  fan. 

(5)  No  dust  accumulation  due  to  high  voltage  in  air. 

(6)  No  environmental  effects:  moisture  and 
temperature  variation. 

Inverter  Power  Supply  for  HV  Capacitor 
Charging 

IGBT  switching  power  supply  as  Fig.  6  was  developed 
to  charge  the  HV  capacitors  in  PFN  circuit.  The 
maximum  rating  is  50  kV,  30  kJ/sec.  One  technical  issue 
in  inverter  switching  scheme  is  the  voltage  fluctuation 
due  to  the  finite  size  of  charging  step,  it  is  usually  0.5  % 
level.  To  make  this  fluctuation  lower,  new  control 
technique  has  been  introduced,  that  is,  the  charging  speed 
is  lowered  right  before  the  voltage  reaching  to  the  target 
value.  With  this  method,  the  voltage  regulation  level  of 
0.12%  was  achieved.  Features  in  this  power  supply  are 

(1)  Compact.  W  480  mm  x  D  670  mm  x  H  530  mm. 

(2)  Maximum  rating:  50  kV,  30  kJ/sec. 

(3)  Voltage  regulation:  0.12  %. 

(4)  Efficiency:  87% 


Figure  6:  Inverter  switching  HV  power  supply. 
Courtesy  of  TOSHIBA  Logistic  Support  Co. 
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This  power  supply  will  be  commonly  used  in  the  electron 
gun  system,  the  L-band  RF  and  the  C-band  RF-system. 

50  MW  C-band  Klystron 

Two  50  MW  klystrons  were  fabricated  in  the  year  of 
2002  for  SCSS  project. 

(1)  TOSHIBA  E3746,  C-band  pulse  klystron. 

•  Three  cell  travelling  wave  output  structure. 

•  Solenoid  focus. 

•  Tested  50  MW,  60  pps,  47%. 

(2)  TOSHIBA  E3758A,  C-band  PPM  klystron. 

•  Three  cell  travelling  wave  output  structure. 

•  Permanent  magnet  focusing. 

•  15  GHz  parasitic  oscillation  was  found. 

•  PPM  klystron  is  2"'“  option  in  SCSS. 

RF  Pulse  Compressor 

The  high  power  model  of  rf  pulse  compressor  has  been 
developed  and  mounted  in  test  bench  as  shown  in  Fig.  7. 
It  is  based  on  the  three  cell  coupled-resonator  cavity 
scheme  to  generate  flat- top  pulse  [6].  In  order  to  improve 
temperature  sensitivity,  the  invar  metal  is  used  in  the 
cavity  cylinder,  whose  surface  is  covered  by  the  OFC 
copper  [7].  The  temperature  sensitivity  is  13  kHz/deg.C, 
which  is  much  lower  than  96  kHz/deg.C  of  the  copper, 
thus  the  water  cooling  system  becomes  simpler.  High 
power  test  will  be  performed  soon. 

Accelerating  Structure 

In  the  SCSS  project,  the  nominal  operation  mode  is  the 
single  bunch.  But  we  also  design  the  multi-bunch 
operation  mode  as  an  option  to  obtain  higher  average  X- 
ray  flux.  In  order  to  cure  the  beam  break  up  phenomena 
due  to  long-rage  wakefield  in  the  accelerating  structure, 
we  decide  to  use  the  choke-mode  cavity  [8].  In  the  C- 
band  R&D  at  KEK,  we  developed  the  C-band  accelerator 
structure  using  the  choke-mode  cavity,  and  tested  its 
electrical  performance  in  the  ASSET  beam  line  at  SLAC 
in  1998.  From  the  experiment,  we  confirmed  that  the 
basic  wakefield  damping  performance  was  acceptable  for 
the  multi-bunch  beam  operation  in  the  Linear  Collider.  At 
the  same  time,  we  found  high-frequency  parasitic 
oscillations  in  the  measured  wakefield,  whose  amplitude 


was  the  just  on  the  border  level  for  the  beam  emittance 
growth. 

In  SCSS  project,  we  use  the  same  accelerator  structure 
as  the  KEK  C-band  design.  Improvements  were  made  on: 

(1)  By  changing  cell  dimensions,  the  high  frequency 
trapped  mode  was  eliminated. 

(2)  For  the  metal  bonding,  instead  of  electro-forming, 
the  brazing  was  used,  because  of  the  fabrication 
cost. 

Fig.  8  shows  the  machined  choke-mode  cell,  the  central 
par  forms  the  accelerating  cavity,  the  groove  is  the  choke 
resonator.  The  SiC  ring  is  inserted  in  the  outer  groove, 
which  is  captured  with  wire-spring  made  of  the  tungsten 
wire.  The  race-track  shaped  holes  are  the  water  cooling 
channel.  Fig.  9  shows,  the  accelerating  structure  in  the 
brazing  fiimace.  Total  91  cells  are  stack  up,  and  active 
length  is  1.8  m  long. 

Fig.  10  shows  the  field  distribution  along  the  structure 
measured  by  the  bead-pull  method.  There  are  four  lobes 
in  phase  plot,  since  the  accelerating  mode  is  37t/4,  not  the 
2ji/3,  widely  used  in  the  traditional  travelling-wave 


Figure  9:  The  1.8  m  long  C-band  accelerator 
in  the  brazing  fiimace. 
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Figure  10:  Bead-pull  field  measurement  result.  Four 
lobes  correspond  to  37t/4  mode. 

structure.  The  3n/4  mode  was  chosen  to  make  the  cell- 
length  longer  to  fit  the  choke-groove  in  each  cell.  Each 
lobes  are  not  overlapping  well  each  other,  it  corresponds 
to  +  5  degree  phase  error,  and  energy  gain  loss  due  to 
this  error  is  only  0.4  %. 

Since  the  higher-order  modes  are  damped  by  SiC  rings, 
and  those  damping  oscillation  is  independent  by  cell-to- 
cell,  thus  the  dimension  error,  and  its  associated 
frequency  error  does  not  deteriorate  the  wakefield 
damping  effect  in  the  choke  mode  cavity.  This  is  a  big 
advantage  superior  to  the  other  damping  schemes,  such  as 
the  field-cancelling  techniques. 

RF-BPM 

RF-BPM  utilises  TMl  10-mode  [9],  in  which  the 
induced  voltage  has  linear  dependence  to  the  beam 
position.  The  coupling  to  the  signal  is  relatively  large, 
thus  this  type  of  RF-BPM  has  a  very  high  sensitivity. 

In  1996  at  FFTB  facility  of  SLAC,  using  simple  pill¬ 
box  cavities,  and  comparing  BPM  signals  from  three  RF- 
BPM’s  of  series  connection,  the  position  resolution 
around  25  nm  was  recorded  [10]. 

Using  RF-BPM  at  high  resolution  and  high  accuracy,  a 
special  care  has  to  be  taken  on  signal  filtering.  The  small 


Figure  1 1 :  COM-Free  RF-BPM  for  SCSS  project. 


BPM  signal  comes  with  a  large  amplitude  common-mode 
signal,  mostly  TMOl-mode,  thus  we  need  to  eliminate  this 
first,  otherwise  the  head  amplifier  can  be  saturated  or  it 
causes  position  offset  error. 

In  order  to  overcome  this  difficulty,  the  COM-Free  RF- 
BPM  concept  was  developed  by  the  author.  Using  low 
level  RF-signal,  and  a  thin  wire  simulating  beam  in  a  cold 
model,  it  was  experimentally  confirmed  that  the  electrical 
centre  meets  with  the  mechanical  centre  within  8  p,m.  The 
first  model  was  mounted  to  the  C-band  accelerator  and 
used  for  the  ASSET  beam  test  in  1998. 

Figure  11  shows  the  newly  developed  RF-BPM  for 
SCSS  project.  Four  vane  shaped  grooves  form  the  hybrid 
circuit,  which  eliminate  the  common  mode  power,  and 
only  the  BPM  signal  is  send  to  the  detection  circuit.  The 
same  RF-BPM  will  be  used  in  the  beam  alignment  station 
between  undulators. 

SUMMARY 

The  high  power  test  and  debugging  of  RF  components 
will  be  performed  in  2003-2004,  machine  construction  in 
2005-2006,  and  the  first  FEE  operation  is  scheduled  in 
2007. 
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Abstract 

A  program  is  under  way  at  Argonne  National 
Laboratory,  in  collaboration  with  the  Naval  Research 
Laboratory  (NRL),  to  develop  RF-driven  dielectric-loaded 
accelerating  (DLA)  structures,  with  the  ultimate  goal  of 
demonstrating  a  compact,  high-gradient  linear  accelerator 
based  on  this  technology.  In  this  paper,  we  report  on  the 
most  recent  results  from  a  series  of  high  power  tests  that 
are  under  way  at  NRL’s  X-band  Magnicon  facility.  The 
design  of  the  latest  DLA  structure  has  been  fundamentally 
changed  from  the  previous  generation;  it  now  has  a 
modular  construction  that  separates  the  RF  coupler  from 
the  dielectric  section.  In  this  paper  we  present  a  detailed 
description  of  the  design  of  the  new  structure  and  of  the 
experimental  setup  used  during  the  high  power  tests.  In 
addition,  we  will  report  on  experimental  results  of  high 
power  tests  carried  out  on  an  alumina-based  (e=9.4)  DLA 
structure. 

INTRODUCTION 

In  recent  years,  much  research  has  been  done  to 
develop  new  types  of  high  gradient  accelerating  structures 
[1].  One  of  the  most  promising  of  these  technologies  is 
the  dielectric  loaded  accelerating  (DLA)  structure,  where 
a  cylindrical  copper  tube  is  lined  with  a  dielectric  sleeve, 
driven  by  an  external  RF  source.  Although  the  proposed 
use  of  a  dielectric-based  structure  for  acceleration  dates 
back  to  the  1950’s,  the  first  high  power  testing  of  these 
devices  has  taken  place  only  recently  [2-4]. 

Argonne  National  Laboratory,  in  collaboration  with  the 
Naval  Research  Laboratory,  is  carrying  out  high-power 
tests  of  DLA  structures  to  investigate  their  suitability  for 
use  in  high-gradient  RF  linear  accelerators.  In  an 
experiment  carried  out  at  the  NRL  in  2002  [4],  one  X- 
band  traveling-wave  (TW-DLA)  and  one  X-band 
standing-wave  (SW-DLA)  structure,  both  made  of  a 
MCT20-ceramic,  underwent  high  power  testing  at  the 
NRL  11.424-GHz  Magnicon  Facility  [5].  During  the  tests 
approximately  10  MW  of  power  was  available,  and  the 
incident,  reflected,  and  transmitted  (TW  only)  powers 
were*  monitored.  In  the  TW-DLA  test,  the  incident  power 
that  the  structure  could  accept  was  limited  to  600  kW, 
corresponding  to  a  transmitted  power  of  170  kW,  while  in 
the  SW-DLA  test  the  limit  was  100  kW.  In  both  cases, 
when  the  incident  power  was  raised  above  the  stated 
limits,  the  reflected  power  and  the  vacuum  pressure  near 
the  input  coupler  increased  dramatically.  Examination  of 
the  structures  after  the  experiment  revealed  evidence  of 
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arcing  in  the  input  coupler.  This  result  is  similar  to  what 
was  observed  during  a  high  power  test  of  an  S-band  TW- 
DLA  structure  carried  out  at  Yale  [3],  In  that  case,  the 
power  that  could  be  delivered  into  the  tube  was  limited  to 
200  kW.  This  limit  was  caused  by  arcing  in  the  input 
coupler,  as  evidenced  by  a  blackened  alumina  surface. 

The  failure  of  the  input  couplers  in  both  cases  is 
thought  to  be  due  to  the  presence  of  dielectric  at  the 
coupling  slot.  This  creates  two  problems;  (1)  the  triple¬ 
point  of  vacuum-to-metal-to-dielectric  in  a  region  of  high 
electric  field  that  is  expected  to  cause  breakdown 
problems;  and  (2)  high  power  density  in  the  dielectric, 
since  all  the  power  passes  through  a  small  area  of 
dielectric.  In  this  paper,  we  report  on  high  power  tests 
carried  out  on  a  new  DLA  structure. 

THE  NEXT  GENERATION  DESIGN 

Based  on  our  analysis  of  the  failures  of  the  input 
couplers  in  both  of  the  previous  structures,  we  have 
designed  a  new  DLA  structure  [6].  This  structure  has  a 
modular  construction  that  separates  the  coupling  sections 
from  the  acceleration  section  and  is  based  on  the  most 
recent  NLC  stracture  designs  by  Tantawi  and  Nantista  [7], 
Moving  from  left  to  right  in  Fig.  1,  the  new  TW-DLA 
device  consists  of  an  all-metal  TEio-TMoj  input  coupler,  a 
dielectric-lined,  tapered  input  matcWng  section,  a 
dielectric-lined  accelerating  section,  a  dielectric-lined, 
tapered  output  matching  section,  and  an  all-metal  TMor 
TEio  output  coupler.  This  modular  construction  is 
expected  to  have  good  high  power  handling  capabilities 
for  two  reasons:  (1)  the  all-metal  couplers  have  no  triple¬ 
points;  and  (2)  the  power  in  the  bulk  dielectric  is  now 
distributed  over  the  entire  cross-section  rather  than  just  in 
the  small  area  of  the  coupler  slot. 

In  order  to  test  the  new  structure  design  as  quickly  as 
possible,  we  chose  to  use  AI2O3  in  the  matching  sections 
and  AhO}  doped  with  Mg  in  the  accelerating  section  for 
the  dielectric  material,  since  an  alumina-based  DLA 
stmcture  is  relatively  easy  to  fabricate.  In  approximately 
six  months,  we  designed,  constructed,  characterized,  and 
UHV  vacuum  tested  this  structure.  The  TW-DLA 
s^cture  parameters  are:  (1)  the  accelerating  section 
dielectric  is  200  mm  long,  I.D.  =  10  mm,  O.D.  =  14.36 
mm  and  ^  =  9.4;  and  (2)  the  matching  section’s  dielectric 
is  I.D.  =  24.16  mm  at  the  wide  end  and  tapers  to  I.D.  =  10 
mm  at  the  narrow  end  over  a  distance  of  54.24  mm  with  ^ 
=  9.7.  In  bench-top  tests,  we  measured  S2,  =  -0.1  dB  in 
coupler-to-coupler  configuration  and  measured  S21  =  -2 
dB  for  the  complete  stmcture.  For  this  TMo]  mode 
stmcture,  the  field  in  the  vacuum  is  of  the  form 
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Figure  1:  Cross  section  of  the  new  modular  DLA  structure 


ir,z,t)  =  £„/„  {Kr)cos{m-k^z)^.^  normalization 
such  that  80  kW  of  power  produces  an  axial  accelerating 
gradient  ofEo=  1  MV/m. 

SETUP  &  PROCEDURE 

The  configuration  used  during  the  high  power  tests  is 
shown  in  Figure  2.  The  magnicon  (not  shown)  output  is 
delivered  through  WR-90  vacuum  waveguide,  equipped 
with  a  55.5  dB  bi-directional  coupler  connected  to 
calibrated  crystal  detectors,  and  into  the  input  coupler  of 
our  device  under  test  (D.U.T.).  The  output  of  the  D.U.T.  is 
delivered  through  short  section  of  WR-90,  equipped  with 
an  identical  bi-directional  coupler,  and  into  a  SLAC-type 
high-power  load.  The  diagnostics  available  to  monitor  the 
D.U.T.  during  high  power  conditioning  included  (1)  bi¬ 
directional  couplers  on  both  the  input  and  output 
waveguide  to  monitor  the  incident,  reflected,  and 
transmitted  power;  (2)  four  ion  pumps  to  provide  vacuum 
and  monitor  pressure;  (3)  a  Faraday  cup  downstream  of 
the  structure  to  monitor  dark  current;  and  (4)  cameras  to 
look  for  visible  light  along  the  axis  of  the  structure  in  the 
event  of  a  breakdown. 

RESULTS  &  DISSCUSION 

The  testing  of  each  D.U.T.  was  conducted  by  slowly 
increasing  the  output  power  of  the  magnicon,  beginning 
from  a  low  power  level,  while  monitoring  all  the 
diagnostics  to  look  for  signs  of  breakdown.  Typically, 
after  an  increase  in  the  power  level,  the  voltage  signals 
from  the  bi-directional  couplers  were  acquired  with  an 
oscilloscope  and  the  vacuum  pressure  was  recorded  in  the 
log.  If  either  a  visible  light  flash  on  the  monitor  or  a  non¬ 
zero  reading  on  the  Faraday  cup  ammeter  were  observed, 
the  event  was  to  be  noted  in  the  log. 


Power  in  Reflected 


Figure  2:  Diagram  of  the  DLA  structure  installed  at 
NRL’s  Magnicon  Facility. 


Coupler  to  Coupler  Test 

In  this  test,  the  D.U.T.  was  the  two  coupling  sections 
connected  directly  to  one  another.  The  couplers  were 
easily  conditioned  to  the  maximum  available  output 
power  of  the  magnicon  (10  MW)  at  an  RF  pulse  length  of 
150  ns  (FWHM)  with  no  arcing  observed.  The 
transmission  (52;)  through  the  coupler-to-coupler  device 
was  approximately  90  %  during  the  entire  test.  In  short, 
the  high  power  test  of  the  couplers  was  a  total  success. 

DLA  Structure  Test 

In  this  test,  we  installed  the  complete  DLA  stmcture 
(Fig.  1),  with  its  input  coupler  connected  to  the  magnicon 
and  its  output  coupler  connected  to  the  load.  After  a 
short  conditioning  period,  we  were  able  to  increase  the 
incident  power  to  5  MW  ~  8  MV/m)  at  an  RF  pulse 
length  of  150  ns  (FWHM)  with  no  signs  of  breakdown 
observed  at  any  time.  This  is  the  first  time  that  over  a 
MW  of  RF  power  was  coupled  into  a  DLA  stracture. 

Measurement  of  the  transmission  coefficient  (Sji,  Fig. 
3)  and  the  reflection  coefficient  (Sfi,  Fig.  3)  was  as 
expected  as  long  as  the  incident  power  remained  below 
0.1  MW,  with  S21  ~  75  %  and  5;;  ~  0.5  %.  (The  other 
25%  of  the  power  is  lost  due  to  a  combination  of  resistive 
losses  and  manufacturing  imperfections  of  the  structure.) 
However,  when  the  incident  power  was  increased  above 
0.1  MW  the  transmission  coefficient  decreased,  without  a 
corresponding  increase  in  the  reflection  coefficient.  This 
means  that  some  of  the  incident  power  was  unaccounted 
for,  or  missing.  For  the  remainder  of  this  paper,  we  refer 
to  this  as  the  missing  power.  For  example,  at  the  highest 
incident  power  point  (4.7  MW),  the  transmitted  power 
was  measured  to  be  1 .2  MW  and  the  reflected  power  was 
negligible.  Estimating  the  power  lost  to  attenuation  in  the 
DLA  structure  to  be  1.2  MW  implies  that  the  missing 
power  is  about  2.4  MW.  This  calculation  was  repeated  for 
all  points  and  the  result  is  shown  in  Figure  5. 

Over  the  same  range  of  incident  power  that  the  missing 
power  appeared,  we  also  observed  light  emission  (Fig.  4) 
that  appeared  to  be  coming  fi-om  the  surface  of  the 
dielectric.  By  measuring  the  RS-170  analog  video  output 
from  the  CCD  camera  with  an  oscilloscope,  triggered  at 
the  same  rate  as  the  magnicon,  we  were  able  to  measure 
the  light  intensity  as  a  function  of  incident  power  (Fig.  5). 
The  lowest  incident  power  for  which  the  light  intensity 
was  observed  was  0.6  MW.  The  reason  the  light  intensity 
seems  to  tum-on  later  than  the  missing  power  (0, 1  MW)  is 
most  likely  due  to  the  fact  that  we  can  measure  power 
with  greater  sensitivity. 
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ineldsnt  Pow*r  ^W) 

Figure  3:  The  measured  values  of  the  S  parameters  (in 
percentage)  as  a  function  of  incident  power  made  during 
the  high-power  test  of  the  DLA  Structure. 

Secondary  Electron  Emission 

Our  preliminary  investigation  into  this  phenomenon 
leads  us  to  believe  that  missing  power  and  the  light 
emission  were  caused  by  secondary  electron  emission 
(SEE)  from  the  dielectric  —  similar  to  what  others  have 
observed  on  dielectric  RF  windows.  To  test  this 
hypothesis  during  the  high  power  test,  we  placed  a 
horseshoe-shaped,  permanent  magnet  (PM)  of  about  100 
Gauss  near  the  structure,  since  magnetic  fields  are  often 
used  to  suppress  SEE.  The  PM  caused  a  slight  decrease  in 
the  light  intensity  and  a  change  in  the  transmitted  power 
signal.  At  the  minimum,  this  means  that  low  energy 
electrons  (<  few  keV)  are  involved  in  the  missing  power 
process,  which  is  most  likely  due  to  SEE. 

FUTURE  WORK 

We  are  currently  developing  a  model  of  the  secondary 
emission  process  in  a  cylindrical  DLA  structure  that  will 
be  the  subject  of  a  future  publication.  Our  preliminary 
investigation  indicates  that  the  SEE  is  causing  single¬ 
surface  multipactoring,  since  a  resonant  process  does  not 
appear  to  be  involved,  and  the  light  emission  is  seen  to  be 
originating  from  the  surface.  In  this  case,  a  secondary 
electron  migrates  to  the  surface  with  initial  kinetic  energy 
of  only  a  few  eV,  is  accelerated  by  the  RF  fields,  and  then 
re-impacts  the  surface  with  enough  kinetic  energy  to 
make  more  secondaries.  We  think  that  the  SEE  electrons 


Figure  4;  Image  of  light  observed  during  the  high  power 
test.  The  dark  region  in  the  center  of  the  ring  is  the 
vacuum  hole  inside  the  dielectric  tube. 


Incident  Pewtr  <MW) 


Figure  5:  The  missing  power  and  light  intensity  as 
functions  of  the  incident  power. 

continue  to  multiply  in  this  manner  until  the  electron 
cloud  produces  a  large  enough  DC  electric  field  to 
suppress  additional  secondaries.  The  electron  cloud,  thus 
produced,  is  what  actually  drains  the  energy  fi-om  the  RF 
field. 

We  are  taking  a  two-pronged  approach  to  suppress  the 
secondary  electron  emission:  (1)  we  are  developing  the 
expertise  to  coat  the  inside  of  the  dielectrics  with  TiN, 
well  known  for  its  ability  to  suppress  secondary  emission 
by  lowering  5;  and  (2)  we  will  use  other  dielectric 
materials  with  lower  6  —  since  alumina  can  be  as  high  as 
_9.  We  suspect  that  if  the  secondary  emission  coefficient, 
8,  of  the  dielectric  were  reduced  below  2,  the  single¬ 
surface  multipactor  could  be  suppressed. 

CONCLUSION 

A  high  power  test  has  demonstrated  for  the  first  time 
that  a  DLA  stmcture  is  capable  of  withstanding  5  MW  of 
incident  power  with  no  signs  of  dielectric  breakdown.  In 
addition,  a  new  DLA  structure  design  has  solved  the 
problem  of  arcing  inside  the  coupler.  The  new  design 
achieved  S?;  =  -1.2  dB  when  the  incident  power  was 
below  700  kW,  but  power  transmission  decreased  rapidly 
above  that  level.  It  is  believed  that  SEE  is  responsible  for 
this  missing  power.  Future  experiments  will  address  this 
issue. 
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Abstract 

One  priority  of  the  CLIC  (Compact  Linear  Collider) 
accelerating-structure  development  program  has  been  to 
investigate  ways  to  achieve  accelerating  gradients  above 
150  MV/m.  Two  main  concepts  to  achieve  such  high 
gradients  have  emerged:  reduced  surface  field  geometries 
and  the  use  of  alternative  materials.  An  experimental 
demonstration  of  these  two  concepts  has  been  made  in 
CTFll  (CLIC  Test  Facility)  using  three  30  GHz 
accelerating  stmctures:  one  made  entirely  from  copper, 
one  with  copper  cavity  walls  and  tungsten  Irises  and  one 
with  copper  cavity  walls  and  molybdenum  irises.  A  peak 
accelerating  gradient  of  over  190  MV/m  was  achieved 
using  the  molybdenum-iris  structure.  The  effect  of  pulse 
length  on  achievable  gradient  was  investigated  using  a 
novel  ‘pulse  stretcher’. 

INTRODUCTION 

The  CLIC  linear-collider  design  envisages  the  use  of 
the  rather  high  accelerating  gradient  of  150  MV/m, 
resulting  in  an  input  power  of  130  MW  to  the  30  GHz 
accelerating  structures  [1].  Such  an  accelerating  gradient, 
with  the  nominal  130  ns  CLIC  pulse  length,  has  already 
been  demonstrated  with  two  small  aperture  copper  X- 
band  structures  [2,3].  However  the  limiting  breakdown 
gradients  achieved  in  subsequent  tests  of  X-band  and 
30  GHz  structures  [4,5]  have  been  much  lower.  Although 
the  exact  reason  for  the  higher  performance  of  the  early 
test  structures  is  not  yet  clear  [6,7],  it  seems  to  be  related 
to  their  very  low  a/A,  ratio  of  0.1 1.  One  aspect  of  low  a/A 
geometries,  a  low  ratio  of  peak  surface  field  to 
accelerating  gradient,  has  been  used  as  a  design  criteria 
for  CLIC  accelerating  structures  [1].  The  reduction  of  a/A 
is  however  limited  by  short  range  wakefields,  which  grow 
cubically  as  the  beam  aperture  becomes  smaller,  leading 
to  unacceptable  beam  emittance  growth. 

The  use  of  alternative  materials  to  copper  is 
consequently  under  investigation  by  the  CLIC  study  as  an 
additional  way  of  obtaining  very  high  accelerating 
gradients.  Desirable  characteristics  of  a  candidate  material 
include  the  ability  to  support  a  high  surface  electric  field 
before  breaking  down,  to  resist  damage  from  the  arc  that 
occurs  once  the  breakdown  has  begun,  and  high  electrical 
conductivity.  Three  refractory  metals,  tungsten, 
molybdenum  and  rhodium,  are  clear  potential  candidates 
and  are  used  in  low  frequency  (DC-50/60  Hz),  high 
power  and  high  voltage  applications.  Initial  high  gradient 
30  GHz  if  tests  with  tungsten  yielded  extremely 
encouraging  results  [8]. 

This  report  describes  recent  results  of  a  systematic 
investigation  of  the  relative  high-gradient  if  performances 
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of  copper,  tungsten  and  molybdenum  obtained  from  tests 
of  structures  with  a  common  if  design  that  were  tested 
using  a  standardized  conditioning  procedure.  The 
structures  are  shown  in  Fig.  1. 

The  materials  investigation  was  carried  out  in  CTFll 
using  15  ns  pulses,  which  are  produced  using  the  longest 
possible  drive  bunch  train.  In  order  to  also  investigate 
pulse  length  dependence  a  special  if  pulse  stretcher  was 
designed  and  fabricated.  This  allowed  the  test  of  the 
copper  stmcture  with  a  30  ns  pulse  and  to  address  the 
issue  of  pulse  length  dependence  of  rf  breakdown 


Figure  1:  The  copper,  tungsten  iris  and  molybdenum  iris 
accelerating  structures  (10  cm  active  length). 


THE  STRUCTURES 

The  structure  characteristics  and  fabrication  techniques 
were  chosen  to  provide,  within  the  final  year  of  CTFll 
operation,  as  direct  a  comparison  between  the  high- 
gradient  properties  of  copper,  tungsten  and  molybdenum 
as  possible.  Strucmre  parameters  are  summarized  in  Table 
1.  All  the  structures  had  identical  clamped-on  ‘mode 
launcher’  couplers  [9]  which  have  a  peak  surface  field  at 
least  20%  lower  than  anywhere  in  the  disk-loaded- 
waveguide  part  of  the  structure.  In  this  way  couplers  are 
expected  neither  to  limit  nor  complicate  the  tests. 

The  body  of  the  copper  stmcture  was  vacuum  brazed 
while  the  tungsten  and  molybdenum  stmctures  were 
entirely  clamped.  The  configuration  of  the  clamping  can 
be  found  in  [8].  The  copper  stmcture  was  cleaned  before 
brazing  using  the  CERN  standard  chemical  procedure. 
The  tungsten  irises  were  only  degreased.  The 
molybdenum  irises  where  also  vacuum  fired  at  800  °C 
before  assembly.  This  was  motivated  by  the  observation 
of  substantial  degassing  of  the  tungsten  stmcture  during 
conditioning.  All  three  stmctures  were  tested  in  a  vacuum 
can  for  best  vacuum  and  minimum  experimental  tum- 
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around  time.  None  of  structures  where  in-situ  baked,  due 
to  lack  of  time. 


Table  1 :  Stmcture  parameters.  The  bottom  two  values  are 
for  the  cell  geometry,  i.e.  are  local  values. 


Frequency 

29.984  GHz 

Number  of  cells 

30+2  matching  cells 

Phase  advance 

271/3 

Beam  aperture 

3.5  mm  (constant) 

Group  velocity,  v^/c 

4.6% 

Fill  time 

8.3  ns 

^surface/ ^accelerating 

2.2 

Power  for  Eaccelerating=150  MV/m 

56  MW 

MATERIAL  INVESTIGATION 

The  stmctures  were  conditioned  with  15  ns  rf  pulses 
and  a  repetition  rate  of  5  Hz  by  maintaining  a  nearly 
continuous,  but  controlled,  level  of  breakdown. 
Breakdowns  were  identified  using  emitted  current  bursts, 
vacuum  activity  and  missing  rf  energy.  Periodically  a 
measurement  was  made  of  the  operating  gradient  and  the 
results  obtained  are  plotted  in  Fig.  2.  These  results  show  a 
clear  influence  of  material  on  achievable  accelerating 
gradient,  with  a  substantial  gain  in  gradient  for  the 
refractory  metals.  The  final  field  values  are  summarized 
in  Table  2.  It  should  be  noted  that  the  tungsten-iris  and 
molybdenum-iris  tests  were  both  stopped  due  to  lack  of 
testing  time. 


Figure  2:  Conditioning  history  of  the  three  stmctures. 
Table  2:  Final  gradient  values  in  MV/m. 


Stmeture 

Peak 

accelerating 

Average 

accelerating 

Peak 

surface 

Copper 

110 

100 

260 

Tungsten 

150 

125 

340 

Molybdenum 

193 

153 

426 

A  roughened  surface  and  a  slight  erosion  of  material 
was  observed,  using  an  endoscope,  in  the  copper  stmeture 
on  the  surfaces  with  the  highest  electric  field,  which  are 
located  on  the  first  irises  of  the  copper  stmeture.  The 
tungsten  and  molybdenum  stmctures  were  unbolted  after 
the  tests  and  were  inspected  by  eye  and  eleetron 
microscope  (SEM).  SEM  images  show  surfaee  melting  in 
the  iris  tips  in  the  first  few  cells  in  both  stmctures.  Sub¬ 
micron  cracks  can  be  distinguished  in  the  junction 
between  melting  regions,  which  are  themselves  about  10 
microns  in  size.  However,  no  erosion  has  taken  place  to  a 
level  that  affects  the  rf  characteristics  of  the  stmeture. 
This  has  been  confirmed  by  a  comparison  of  rf 
measurements  made  before  and  after  the  tests.  Further 
inspections  are  underway. 

Evidence  of  arcing  in  some  of  the  clamped  cell  to  iris 
contacts  was  observed  in  the  tungsten  stmeture.  This 
appeared  as  spots  of  roughened  surface  on  the  copper  disk 
and  corresponding  plated  copper  spots  on  the  tungsten 
iris.  More  care  was  taken  to  ensure  an  adequate  contact 
pressure  when  assembling  the  molybdenum  stmeture,  and 
no  traces  of  contact  arcing  was  observed  in  it  after  testing. 

It  should  be  stressed  that  the  ultimate  and  relative  high 
gradient  performances  of  tungsten  and  molybdenum  may 
not  have  been  determined  yet  because:  neither  the 
tungsten  nor  the  molybdenum  tests  were  taken  to  the 
point  where  the  conditioning  curves  showed  a  clear 
saturation,  there  is  evidence  of  contact  arcing  in  the 
tungsten  stmemre  and  only  the  molybdenum  irises  where 
vacuum  fired. 

The  transition  from  stable  to  unstable  operation  was 
also  investigated  during  the  tests.  Breakdown  rate  has 
been  clearly  identified  as  an  important  issue  for  a  linear 
collider  with  many  thousands  of  accelerating  stmctures 
[10].  The  transition  from  stable  to  unstable  operation  is 
remarkably  smooth  as  illustrated  in  Fig.  3.  For  the 
conditioning  curves  shown  in  Fig.  2,  a  gradient  of 
130  MV/m  would  be  quoted  for  this  data.  A  gradient 
stable  enough  for  a  linear  collider  would  need  to  be 
distinctly  lower. 


Figure  3:  Breakdown  probability  as  a  function  of 
gradient  for  the  partially  conditioned  molybdenum 
stmeture. 
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PULSE-LENGTH  DEPENDANCE 

Although  the  high-gradient  values  described  in  the 
previous  section  are  very  encouraging,  it  should  be 
stressed  that  the  gradients  were  achieved  with  15  ns 
pulses,  while  the  CLIC  nominal  pulse  length  is  130  ns. 
The  pulse  length  dependence  of  rf  breakdown,  and  its 
origin,  remains  an  open  question.  Achievable  gradient  is 
generally  assumed  to  decrease  with  increasing  pulse 
length.  The  15  ns  pulse  length  is  fixed  by  the  maximum 
electron  bunch  train  length  that  CTFll  can  produce.  In 
order  to  investigate  pulse  length,  a  novel  rf  ‘pulse 
stretcher’,  which  doubles  the  pulse  length,  was  built  [11]. 
The  rf  pulse  produced  by  the  stretcher  in  CTFll  is  shown 
in  Fig.  4. 

The  stretcher  was  only  used  to  condition  the  copper 
structure  because  the  tungsten  and  molybdenum 
structures  would  have  required  more  power  than  CTFll 
could  deliver.  The  stmcture  was  conditioned  with  an 
additional  one  million  30  ns  pulses  after  the  initial  one 
million  15  ns  pulses.  The  encouraging  result  was  that  the 
same  120  MV/m  gradient  was  achieved  with  both  pulse 
lengths.  The  achievable  gradient  was  also  measured  for  4 
and  8  ns,  to  probe  the  tum-on  time  of  an  rf  arc.  The  pulse 
length  results  are  summarized  in  Fig.  5 


Figure  5;  Pulse  length  dependence  of  the  copper  structure. 


CONCLUSIONS 

These  tests  have  established  that  refractory  metals  can 
substantially  increase  the  rf-breakdovra  limit  in 
accelerating  structures.  Of  course  a  consequence  is  that 
new  stmcture  fabrication  techniques  are  required,  but 
these  test  stmctures  already  represent  a  first  step  towards 
development  of  these  techniques.  Judging  from  the  state 
of  surfaces  after  conditioning,  only  the  tips  of  the  irises, 
where  the  surface  electric  field  is  highest,  need  to  be 
made  from  new  materials.  In  this  case,  composite 
accelerating  stmctures  would  only  be  slightly  less 
efficient  than  all-copper  stmctures.  The  need  to  fabricate 
composite  stmcture  may  also  be  motivated  by  pulsed 
surface  heating,  which  may  also  require  new  materials. 
Although  the  highest  gradient  at  which  30  GHz  stmctures 
can  mn  reliably  at  the  full  CLIC  130  ns  pulse  length  has 
not  yet  been  determined,  a  path  with  substantial  potential 
has  been  identified. 
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Abstract 

The  Spallation  Neutron  Source  (SNS)  Project,  a 
collaboration  of  six  national  laboratories,  is  constructing 
an  accelerator  based  neutron  facility  at  ORNL.  The  SNS 
accelerator  systems  will  deliver  a  1  GeV,  1.44  MW 
proton  beam  to  a  liquid  mercury  target.  The  high-beam 
power  and  desired  high  availability  of  the  accelerator 
complex  have  had  important  consequences  for  the  design 
and  implementation  of  diagnosties  at  the  SNS.  Namely, 
diagnostic  systems  have  been  designed  with  high 
reliability,  the  ability  for  hands-on  maintenance, 
redundancy  in  critical  diagnostics,  and  commonality  of 
subsystems  in  mind.  The  multi-laboratory  diagnostics 
group  has  successfully  implemented  and  commissioned  a 
number  of  systems  at  LBNL  during  initial  commissioning 
of  the  SNS  Front-End  systems.  This  talk  reports  on  the 
team’s  progress  in  diagnostics  commissioning  and 
performance  for  the  SNS,  summarizes  the  approach  that 
has  been  used  in  this  multi-laboratory  effort,  describes  the 
lessons  learned  and  presents  the  technical  and 
organizational  challenges  that  lie  ahead. 

INTRODUCTION 

Most  of  the  beam  diagnostics  [1]  at  the  Spallation 
Neutron  Source  (SNS)  are  similar  to  other  accelerators: 
beam  position  monitors,  beam  loss  monitors,  wire 

Operational 
Next  6  Months 


scanners,  beam  current  monitors,  slit  and  collector 
emittance  stations,  Faraday  Cups,  etc.  Each  accelerator 
section.  Figure  (1)  lists  the  suite  of  diagnostic  systems 
and  their  channel  counts[3,4].  As  described  below, 
additional  systems  will  be  provided  for  early 
commissioning  of  the  Front  End  and  the  DTL.  Systems 
are  being  designed  and  constructed  by  the  multi-lab 
diagnostics  team.  The  team  is  comprised  of  groups  from 
BNL,  LANL,  LBNL,  and  ORNL.  The  ORNL  group  also 
coordinates  the  team’s  activities.  A  Diagnostics  Advisory 
Committee  provides  external  guidance.  This  committee 
reviews  all  major  system  designs  at  the  conceptual  and 
detailed  design. 

The  low  loss  requirement  (average  loss  of  no  more 
than  1  Watt/meter)  has  added  challenges  in  the  diagnostic 
design  and  implementation.  For  example,  we  added 
modified  the  BLM  design  to  accommodate  the  machine 
protection  system  fast  turn-off  requirements.  The  other 
example  is  the  diagnostics  being  implemented  in  the 
supper  conducting  LINAC  (SCL).  The  high  beam  power 
and  the  superconducting  rf  cavity  challenges  have  led  to 
the  development  of  a  laser  profile  monitor  system  that 
replaces  the  wire  scanner  system  in  the  superconducting 
linac  (SCL).  The  challenges  associated  with  the  e-p 
instability  and  the  expected  beam  loss  in  the  ring  also 
have  led  to  improvements  in  the  gas  ionization  profile 
monitor  design.  We  have  also  taken  advantage  of 
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Fig.  2.  Schematic  layout  of  the  SCL  laser  beam  profile  monitor. 


technology  developments  by  basing  many  of  our 
diagnostics  instrumentation  designs  on  the  personal 
computer  (PC)  platform.  A  layout  of  the  various 
diagnostics  systems  is  shown  in  Fig.  1 . 

LASER  PROFILE  MONITOR  SYSTEM 

The  profile  monitor  system  for  the  SCL  was  originally 
envisioned  to  be  a  carbon  wire  scanner  system.  However, 
linac  designers  were  concerned  about  the  possibility  that 
carbon  wire  ablation,  or  broken  wire  fragments,  could 
find  their  way  into  the  superconducting  cavities  and  cause 
them  to  fail.  Carbon  wire  scaimer  actuator  was  developed 
[2]  at  Los  Alamos  National  Laboratory  (LANL)  in 
tandem  with  experiments  [3,4]  using  a  laser  to  measure 
profiles  of  H~  beams  at  Brookhaven  National  Laboratory 
(BNL).  ^ 

Once  the  laser  profile  monitor  concept  was  proven  by 
experiments  at  BNL  750  keV,  200  MeV  LINAC,  and 
subsequently  on  the  SNS  MEBT  at  Lawrence  Berkeley 
National  Laboratory,  the  decision  was  made  to  replace  the 
carbon  wire  scanner  system  with  the  laser  profile 
measurement  system  in  the  SCL.  The  advantages  that  the 


laser  profile  monitor  system  has  over  the  wire  scanner 
system  are:  1)  profiles  can  be  measured  during  normal 
operations,  as  opposed  to  the  100  |is,  10  Hz  duty  factor 
restriction  needed  to  prevent  damage  to  carbon  wires;  and 
2)  there  are  no  moving  parts  inside  the  vacuum  system, 
thus  reducing  the  possibility  of  a  vacuum  system  failure. 
A  disadvantage  is  that  the  laser  is  not  as  rad  hard  as  a  wire 
scanner  actuator,  but  we  have  overcome  this  issue  by 
placing  the  laser  far  away  from  the  beam  line. 

The  laser  profile  monitor  concept  is  straightforward:  a 
tightly  focused  laser  beam  is  directed  transversely  through 
the  H~  beam,  causing  photo-neutralization.  It  only  take 
about  .755eV  to  detach  the  electron.  The  released 
electrons  are  either  swept  away  by  magnetic  fields 
normally  present  in  the  linac  lattice,  or  directed  by  a 
special  dipole  magnet  to  an  electron  collector  that  may  or 
may  not  be  part  of  the  laser  profile  monitor  system.  The 
beam  profile  is  measured  by  scanning  the  laser  beam 
across  the  H  beam  and  measuring  the  resultant  deficit  in 
the  H~  beam  current  and/or,  if  the  released  electrons  are 
collected,  by  measuring  their  current.  A  simple  schematic 
of  the  concept  is  shown  in  Fig.  2. 
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The  advantage  of  collecting  electrons  vs.  measuring  the 
deficit  in  beam  current  are:  1)  the  signal  to  noise  ratio  is 
better  because  of  the  large  numbers  of  released  electrons; 
and  2)  the  simplicity  of  the  electron  collector,  since  the 
electron  energy  is  well  defined  and  the  electrons  are  well 
collimated.  The  disadvantages  are:  1)  an  external 
magnetic  field  is  required,  2)  an  in-vacuum  electron 
collector  is  required,  and  3)  the  electron  collector  signal 
may  suffer  from  interference  caused  by  beam  loss.  At  the 
SNS  linac  we  will  use  both  methods.  Every  laser  station 
will  have  an  electron  collector,  and  there  will  be  beam 
current  measurements  at  the  entrance  and  exit  of  the 
superconducting  linac. 

However,  concerns  about  long-term  radiation  damage 
have  led  us  to  install  a  single  laser  in  a  room  above  the 
SNS  linac,  and  to  transport  the  laser  beam  to  the  profile 
monitor  stations  using  a  system  of  mirrors. 

The  laser  chosen  for  the  SNS  system  is  the  Continuum 
Powerlite  Precision  II,  600  mJ,  10  nsec,  1064  nm,  30  Hz 
ND-YAG  laser.  The  laser  beam  is  transported  down 
through  a  hole  in  the  ceiling  of  the  beam  tunnel  at  the 
downstream  end  of  the  linac,  and  then  along  the  length  of 
the  linac  to  the  various  beam  profile  measurement 
stations.  Each  of  the  32  warm  inter-segment  regions  will 
contain  a  beam  box  with  fused-silica  view  ports  and  an 
electron  collector.  However,  to  contain  costs,  only  the 
first  four  inter-segment  regions  in  the  medium-beta 
portion  of  the  SCL  and  the  first  four  inter-segment 
regions  in  the  high-beta  portion  of  the  SCL  will  be 
instrumented  with  the  actuators,  the  electron  deflection 


magnet,  and  the  electronics  needed  to  make  a  profile 
measurement.  With  this  setup,  a  laser  station  can  be 
moved  or  added  in  an  8-hour  shift. 

Proof  of  principle  tests  were  conducted  at  BNL  and  on 
the  SNS  meet  at  LBNL.  The  most  recent  and  most 
complete  tests  were  conducted  last  January  on  the  SNS 
MEET  at  ORNL  [5].  Shown  in  Figure  3  is  an  example  of 
this  latest  test,  where  the  SCL  prototype  system  was 
installed  at  the  end  of  the  MEET  using  the  final-design 
beam  box,  dipole  magnet,  lenses  and  mirror  actuators. 
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Figure  4.  Photo-neutralization  via  laser  beam  observed  on 
(BCM)  beam  current  monitor. 


Figure  3.  Horizontal  beam  profile  in  the  SNS  MEET, 
measured  January  2003.  Top:  an  example  of  the 
electron  collector  signal.  Bottom:  the  results  of  the 
measurement,  with  a  Gaussian  fit  plotted  out  to  2.5  O. 


BEAM  LOSS  MONITORS 

SNS  will  use  295  argon-filled  ion  chambers  as  the 
primary  detectors  for  monitoring  beam  losses.  Argon  has 
the  advantage  of  fast  electron  transit  time  compared  to 
slower  air  filled  detectors  [6]  The  initial  choice  was  an 
ion  chamber  designed  for  the  Tevatron,  but  concerns 
about  saturation  at  high  dose  rate  and  long  ion  transit  time 
(~  700  psec  at  2  kV  bias)  led  to  the  development  of  a  new 
ion  chamber  designed  to  overcome  these  limitations  [7].  It 
utilizes  a  larger  inner  diameter  electrode  to  significantly 
decrease  the  ion  transit  time  and  raise  the  collection 
efficiency  for  a  1%  local  loss. 

The  new  design  tested  at  BNL  has  proven  to  be  superior 
to  the  original  Tevatron  ELM  system.  The  smaller  gap 
required  careful  high  voltage  design.  Guard  electrodes 
were  used  to  divert  leakage  from  the  HV  electrode  to 
ground  and  define  the  active  region.  Voltage  gradients 
have  been  reduced  by  rounding  the  electrode  ends.  Figure 
5  shows  the  new  design.  Two  prototypes  tested  at  BNL. 
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Figure  5.  The  new  SNS  ion  chamber  design. 


Figure  6.  The  collection  efficiency  and  ion  transit  time  are 
shown  in  Figure  1  as  a  function  of  inner  cylinder  radius 


The  first  was  filled  with  Nitrogen  at  1  ATM.  A  second 
prototype  with  ahigher  voltage  feedthrough  and  improved 
ceramic  and  guard  rings  was  able  to  hold  4.5  kV  with  1 
ATM  Argon.  Detailed  description  is  presented  in  these 
proceedings  [8]. 

IONIZATION  PROFILE  MONITOR 

The  SNS  ionization  profile  monitor  (IPM)  being 
developed  by  the  BNL  team,  to  be  installed  in  two  (one 
horizontal,  one  vertical)  locations  in  the  ring.  These  are 
based  on  an  improved  version  of  the  IPMs  installed  [9]  in 
the  RHIC  ring.  In  fact,  some  of  the  improvements  have 
already  been  tested  on  the  RHIC  IPMs. 

The  SNS  (and  RHIC)  IPMs  are  based  on  electron 
collection  in  parallel  electric  and  magnetic  fields.  The 
electrons  are  amplified  by  a  micro-channel  plate  and 
collected  on  a  64-chaimel  gold-plated  printed  circuit 
board.  The  simplified  schematic  is  shown  in  Figure  (7). 


Figure  7.  The  original  design  of  the  SNS  and  RHIC 
IPM. 

The  detector  components  were  inserted  inside  the 
beam-line.  This  restricted  the  aperture  and  made  Detector 
components  vulnerable  to  stray  beam.  The  modifications 
to  the  RHIC  IPM  were  necessary  due  to  rf  coupling  to  the 
beam,  susceptibility  to  beam  loss,  and  possible 
interference  from  the  e-p  beam  instability.  Beam  loss  in 
the  vicinity  of  the  IPM  can  cause  the  primary  beam  and 
secondary  particle  showers  to  pass  through  the  micro- 
channel  plate  and  the  collector  board,  thus  causing  large 
background  signals.  Also,  as  demonstrated  in  the  LANL 
Proton  Storage  Ring,  the  e-p  instability  can  create  huge 
amounts  of  electrons  that  could  be  collected  by  the  IPM 
and  possibly  swamp  the  beam  profile  signal. 
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Figure  8.  The  modified  SNS/RHIC  ionization  profile 
monitor  measurement  has  lower  background  from  e-p 
instabilities. 

NETWORK  ATTACHED  DEVICES 

At  the  SNS  we  have  chosen  to  base  many  of  our 
diagnostics  on  the  rack-mounted  personal  computer  (PC) 
platform,  rather  than  the  more  typical  VXI,  VME,  or 
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CAMAC  platforms.  The  basic  idea  behind  a  Network 
Attached  Device  (NAD)  is  to  implement  an  instrument  as 
a  single  networked  device  with  its  own  resources  [1].  Our 
reasons  include  1)  lower  costs;  2)  an  industry  standard 
processor  (PC)  and  internal  bus  (PCI);  3)  each  instrument 
can  be  a  node  on  the  network,  thus  reducing  common 
failure  points  like  a  VME  crate;  and  4)  the  availability  of 
a  wide  variety  of  low-cost,  commercial  off  the  shelf  PCI 
cards.  We  also  chose  embedded  Windows  2000  or 
Windows  XP  for  the  operating  system,  and  LabVIEW  for 
the  signal  acquisition  and  signal  processing  software.  To 
round  out  the  standard  software  suite  [6],  each  PC  runs 
Input-Output  Controller  (IOC)  core  software  to  make  it 
appear  to  be  an  IOC  to  the  EPICS  control  system.  Bench 
tests  on  a  prototype  network  attached  device 
demonstrated  a  100  element  (with  4  bytes  /element) 
waveform  update  rate  of  1000  Hz  from  LabVIEW  to 
EPICS. 


Figure  9.  Concept  of  NAD  vs.  traditional  VWE/VXI 
system. 

With  the  prototype  BPM,  BCM,  and  wire  scanner 
systems  on  the  SNS  MEBT  at  LBNL  in  February  2002 
were  based  on  the  NAD  model.  .All  these  systems  were 
brought  on  line  in  less  than  one  week,  and  performed  well 
during  this  initial  commissioning  period. 


TEMPORARY  DIAGNOSTICS 


for  the  DTL  tank  one  commissioning. 


SUMMARY 

An  array  of  instrumentations  have  been  designed  to 
meet  the  challenges  offered  by  the  SNS  project.  These 
include  the  laser  profile  monitor  for  H~  beams,  ultra  fast 
Faraday  cup  proved  to  be  useful  to  measure  pico-second 
bunch  length,  the  improvements  to  the  RHIC  ionization 
profile  monitor,  and  the  network  attached  devices  based 
on  the  PC  platform. 

To  date  the  SNS  facility  has  been  commissioned  up 
through  the  end  of  the  MEBT  at  2.5  MeV  using  prototype 
BPM,  BCM,  wire  scanner,  and  slit  and  collector 
emittance  systems.  All  of  these  systems  have  performed 
well.  The  laser  profile  monitor  concept  was  successfully 
tested  on  the  MEBT,  as  well  as  LBNL  and  BNL. 

The  next  phase  of  diagnostics  installation  is  now  in 
progress  to  prepare  for  DTL  commissioning  later  this 
summer,  followed  by  CCL  commissioning  in  2004.  The 
SNS  is  expected  to  be  fiilly  commissioned  by  early  2006. 
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LASER-BASED  PROFILE  MONITOR  FOR  ELECTRON  BEAMS* 
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Abstract 

High  performance  TeV  energy  electron  /  positron 
colliders  (LC)  are  the  first  machines  to  require  online, 
non-invasive  beam  size  monitors  for  micron  and  sub¬ 
micron  for  beam  phase  space  optimization.  Typical  beam 
densities  in  the  LC  are  well  beyond  the  threshold  density 
for  single  pulse  melting  and  vaporization  of  any  material, 
making  conventional  wire  scanners  ineffective.  Using  a 
finely  focused,  diffraction  limited  high  power  laser,  it  is 
possible  to  devise  a  sampling  profile  monitor  that,  in 
operation,  resembles  a  wire  scanner.  Very  high  resolution 
laser-based  profile  monitors  have  been  developed  and 
tested,  first  at  FFTB  (SLAC)  and  later  at  SLC  and  ATF. 
The  monitor  has  broad  applicability  and  we  review  here 
the  technology,  application  and  status  of  ongoing  research 
programs. 

INTRODUCTION 

Particle  beam  brightness  and  power  have  increased 
rapidly  in  the  last  decade  with  the  advent  of  precision 
control  and  improved  implementation  of  accelerator 
designs.  Precision  beam  diagnostics  for  position  and 
profile  have  proved  vital.  Present  machines,  such  as  the 
FFTB  at  SLAC  [1],  the  ATF  at  KEK  [2]  and  the  SNS  [3] 
have  beams  that  require  the  use  of  new  types  of  profile 
monitors  because  of  their  small  size  or  power.  Carbon 
wire  scanners,  perfected  for  use  with  the  extremely  small 
beams  at  SLC  and  FFTB  [4],  have  been  shown  to  have 
limited  performance  for  high  brightness  beams.  The 
debris  resulting  from  wire  failure  in  a  superconducting 
linac,  such  as  SNS,  could  harm  the  delicate  niobium 
cavities.  A  laser-based  profile  monitor,  in  contrast,  uses  a 
transient  pulse  of  photons  that  does  not  pose  a  real  threat 
to  the  cavities.  In  addition,  and  more  importantly  for  the 
linear  collider,  the  laser  beam  can  be  focused  to  a  size  that 
is  smaller  than  the  smallest  practical  wire  diameter, 
providing  a  minimum  beam  size  measurement  capability 
well  beyond  the  wire  scanner. 

Interacting  lasers  and  particle  beams  have  long  been 
used  as  experimental  tools,  notably  for  the  production  of 
neutral  beams  or  in  the  measurement  of  electron  /  positron 
polarization  [5,6].  Recent  advances  in  laser  and  optical 
technology  have  made  it  effective  to  use  very  finely 
focused  lasers  to  accurately  probe,  using  a  90  degree 
collision  angle,  within  particle  beams  in  order  to  measure 
beam  size  and  beam  halo.  In  the  last  few  years,  several 
such  probes  have  been  constructed  and  operated 
successfully.  In  this  paper  we  will  review  the  design, 
operation  and  results  from  these  devices,  and  outline 
issues  for  future  work. 
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Scattering  of  e+  /  e-  particles  by  laser  photons  is 
described  by  the  Compton  theory.  While  the  Compton 
scattering  amplitude  for  protons  is  much  smaller,  the 
photo-neutralization  cross  section  for  H'  beams  is  not,  and 
a  laser-based  monitor  is  similarly  effective  for  use  with 
those  beams. 

In  the  laser  monitor,  a  low  energy  optical  photon 
collides  with  a  high  energy  electron  resulting  in  a  high 
energy  gamma  ray  and  lower  energy  electron.  The 
boosted  photon  energy  is  characterized  by  a  sharp 
endpoint,  y„=a)JE]„  {o)„  and  £*  are  the  maximum  gamma 
ray  energy  and  the  beam  energy,  respectively) 
corresponding  to  back  scattering  in  the  rest  frame  of  the 
system,  and  a  relatively  flat  cross  section  for  lower 
energies.  The  total  cross  section,  is  large  and  this  provides 
ample  signal  for  the  profile  monitor,  even  when  compared 
with  conventional  wire  scanners. 

As  with  conventional  wire  seanners,  it  is  important  to 
devise  an  efficient,  low  background  method  of  detecting 
the  scattered  particles,  either  the  degraded  electrons  or 
gamma  rays,  since  this  usually  determines  the  system 
accuracy.  The  fraction  of  transferred  energy  at  the 
kinematic  endpoint,  y„,  grows  as  a  function  of  beam 
energy,  making  clean  detection  much  easier  at  high 
energies.  Figure  1  shows  y„  as  a  function  of  Ey  for  two 
different  laser  frequencies,  with  the  values  typical  of  three 
laserwires  indicated. 


Figure  1 :  Relative  Compton  boosted  gamma  ray  energy 
endpoint  (y„)  as  a  function  of  electron  beam  energy  for 
A^lOSOnm  (lower  curve)  and  X=350  nm  (upper  curve) 
lasers. 

Whereas  the  fundamental  physics  of  a  laser-based 
monitor  is  straightforward,  the  implementation  can  be 
challenging  and  requires  a  detailed  understanding  of  the 
technology.  In  this  paper  we  examine  the  design  and 
operation  of  five  laser-based  monitors,  at  1)  the  SLC/SLD 
1P[7],  2)  the  KEK  ATF[8,9],  3)  DESY  PETRA[10],  the 
CERN  CLIC  Test  Facilityfll]  and  4)  the  SNS  (H- 
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beam)[12].  In  addition,  since  it  was  a  pioneering  device, 
we  also  include  a  reference  to  the  FFTB  nanometer 
interferometer  monitor!  13]. 

DESIGN 

The  profile  monitor  consists  of  4  subsystems,  1)  the 
laser,  2)  an  optical  transport  to  bring  the  light  to  the 
beamline  vacuum  chamber,  3)  the  interaction  region,  with 
its  optics,  and  4)  a  scattered  radiation  detector.  Since  its 
operation  and  design  resemble  that  of  a  wire  scanner,  we 
will  refer  to  the  laser-based  profile  monitor  as  a 
‘laserwire’. 

As  with  conventional  wire  scanners,  the  properties  of 
the  ‘scattering  object’,  used  to  sample  the  electron  beam 
charge  density,  must  match  the  beam  parameters.  Tightly 
focused  laser  waists  have  limited  length,  known  as  the 
Rayleigh  range.  For  a  linear  collider,  with  flat 


‘waist’  scan,  showing  the  Rayleigh  range  of  the  ATF 
laserwire. 


The  monitor  resolution  depends  on  the  relative  size  of 
the  two  beams  and,  if  they  are  similar  in  size,  on  the 
accuracy  with  which  the  focused  laser  spot  is  known.  It  is 
important  to  note  that,  if  the  laser  spot  size  is  accurately 
known,  it  is  subtracted  in  quadrature  from  the  measured 
profile  giving  a  monitor  resolution  lower  than  the  laser 
size.  This  is  the  case  with  the  ATF  laserwire,  where  the 
properties  of  the  CW  laser  focus  are  well  measured  and 
stable. 

An  interesting  feature  of  the  laserwire  is  the  ability  to 
control  the  effective  density  of  the  beam  sampler.  Taken 
together  with  a  high  dynamic  range  detector,  this  may  be 
used  to  significantly  extend  the  dynamic  range  of  the 


Table  1 :  Lasenvire  IP,  laser,  signal  and  beam  energy. 
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Figure  2:  Laser  waist  scan  (ATF  damping  ring)  showing 
the  laser  Rayleigh  range.  The  data  are  fit  to  the  laser  size 
(related  to  the  Rayleigh  range),  the  electron  beam  size 
(vertical  in  this  case)  and  the  centroid  offset. 

beams,  this  can  smear  the  overlap  region  and  may  force, 
for  example,  the  use  of  a  very  short  wavelength  laser. 
Table  1  lists  the  laser  wavelength,  intensity,  spot  size, 
‘spot  length’  (Rayleigh  range),  detector  types,  and  pulse 
structure  of  several  laserwires.  Figure  2  shows  a  laser 


X  position  [micron] 


monitor,  allowing  the  extremes  of  the  beam  to  be 
sampled.  Prototype  measurements  with  the  SNS  injector 
H-  beam,  where  beam  halo  information  is  very  important, 
have  shown  sensitivity  to  less  than  0.1%  of  the  core  beam 
density. 

Laser 

Recent  advances  in  commercially  available  laser 
components  have  enabled  laserwires.  Affordable,  reliable, 
high  peak  power  components  that  allow  billions  of 
excellent  quality  pulses  consistent  with  several  years 
laserwire  operation  are  available.  However,  reflective  and 
transmissive  component  damage  thresholds  can  vary 
widely  and  must  be  understood  before  use.  A  simple  mle 
of  thumb  damage  threshold  is  IJ/cm^.  When  the  laser 
photon  energy  is  increased,  for  example  with  the  A.=350 
nm  SLC/SLD  laserwire,  bulk  transmissive  damage  caused 
by  non-linear  optical  harmonic  generation  is  also  possible. 
Most  damage  effects  are  self-degenerating,  i.e.  when  they 
start,  the  damage  site  becomes  partly  opaque  and  the 
threshold  drops  rapidly.  These  and  related  topics  are 
annually  reviewed  at  the  ‘Boulder  Damage  Symposium’ 
[14]  and  the  best  reference  is  [15]. 

High  power  short  pulse  lasers,  which  are  readily 
available  and  provide  a  great  deal  more  power  than  CW 
lasers,  are  the  best  for  low  repetition  rate,  high 
background  linac  environments.  Of  the  laserwires  listed  in 
table  1,  only  the  ATF  damping  ring  laserwire  works  with 
a  non-pulsed,  CW,  laser.  While  providing  much  more 
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power,  pulsed  lasers  have  two  important  drawbacks,  1) 
the  details  of  the  pulse  structure  may  cause  large 
fluctuations  [16]  and  2)  adjustment  of  the  time  difference 
between  the  laser  and  the  beam  can  greatly  complicate  the 
basic  task  of  finding  collisions,  depending  on  the  collision 
angle  and  pulse  length. 

A  number  of  transverse  laser  modes  are  have  been 
planned  or  tested.  The  simplest,  lowest  order  mode  of  a 
laser  is  the  monopole  (‘OOmode’)  or  gaussian  mode.  The 
laser  energy  is  most  tightly  confined  in  this  mode  and  it  is 
relatively  easy  to  generate  in  the  laser  itself  by  choosing 
an  appropriate  laser  medium  and  using  a  limiting  pinhole 
aperture.  In  this  case  the  laser  is  diffraction  limited  and 
has  the  minimum  possible  emittance.  The  next  highest 
mode  is  the  dipole  mode  that  has  a  central  null.  The 
characteristic  size  of  the  null  is  smaller  than  the  minimum 
of  the  monopole  mode,  allowing  measurement  of  smaller 
beams.  The  extreme  case  is  the  interferometer  used  at 
FFTB,  where  the  laser  beam  was  split  and  recombined  so 
that  a  regular  static  fixed  pitch  interference  pattern  was 
formed.  By  adjusting  the  recombination  angle,  it  was 
possible  to  vary  the  pitch  of  the  pattern  and  allow 
measurement  of  beam  sizes  as  low  as  50  nm. 

Optics 

Optics  are  needed  to  match  from  the  laser,  (in  an 
accessible  part  of  the  machine  complex),  to  a  transport 
line  and  to  receive  the  beam  from  the  transport  and  focus 
it  to  the  IP.  Additional  low  power  optics  may  be  needed 
for  monitoring  the  laser  transport  and  focus.  Figure  6 
shows  the  IP  optics  of  the  SLC/SLD  laserwire. 

The  smallest  possible  ’00  mode’  laser  spot  is  generated 
using  very  low  /  number  optics.  A  rule  of  thumb,  where 
we  assume  that  the  incoming  beam  optic  is  sized  to  match 
the  input  beam  (+/-  30u,),  is  CTo~1/2/  X.  Consequently 
great  care  must  be  taken  to  make  sure  the  optical  system 
is  aberration-free  and  constructed  to  the  proper  tolerances. 
The  mechanical  tolerances  of  the  SLC/SLD  IP  are  around 
2  microns.  It  is  not  possible  to  directly  measure  the 
dimensions  of  the  high  power  beam  spot.  Low  power  tests 
were  done  and  a  re-imaging  system,  capable  of  operation 
at  full  power,  was  used  to  monitor  the  performance  of  the 
optics  and  verify  the  incoming  beam  conditions. 

Laser  linear  polarization,  together  with  a  Brewster 
angle  plate,  can  be  used  as  a  ‘switch’  that  directs  the  light 
either  to  the  vertical  IP  or  the  horizontal  IP. 


Figure  3:  Laser  spot  size  Oo  as  a  function  of  D  for 
spherical  mirrors  with  radius  D/2.  The  operating  point  for 
the  ATF  laserwire  is  indicated. 


ATF  Damping  Ring  Laserwire 

The  optical  system  used  at  ATF  is  quite  different  since 
it  relies  on  a  high  gain,  strongly  focused  resonant  Fabry- 
Perot  cavity.  The  cavity  gain,  x600,  and  requirement  for  a 
small  waist  (Sum)  determine  the  cavity  design.  Very  high 
(99.9%)  reflectivity  spherical  mirrors  are  used  in  an 
active,  position  feedback-controlled,  mount  to  maintain 
high  average  power.  The  precision  with  which  the  cavity 
length  (D)  must  be  controlled  is  illustrated  in  figure  3  and 
4,  which  shows  the  laser  spot  size  at  the  waist  minimum 
as  a  function  of  D. 

The  stiff  flexure-based  mirror  mounts  are  shown  in 
figure  5.  The  entire  system  is  inside  the  ring  vacuum 
system.  A  beam  sleeve  with  two  small  holes  for  the 
optical  resonator  is  used  to  control  the  ring  vacuum 
chamber  impedance. 


resonant  cavity,  showing  the  reflection  and  transmission 
of  the  cavity  system. 

Mechanical 

It  is  well  known  that  environmental  contaminants,  such 
as  dust  or  organic  residue,  are  often  involved  in  the 
initiation  of  optical  component  damage.  For  this  reason, 
high  power  lasers  are  often  housed  in  expensive, 
cumbersome,  clean  rooms.  This  is  more  important  for 
short  wave  lasers  and  is  critical  if  high  reliability  for  a 
large  number  of  pulses  is  required. 

The  most  fragile  part  of  an  optic  is  its  surface.  Two 
different  types  of  anti-reflective  (AR)  coatings  were 
considered,  a  conventional  narrow-band  multi-layer 
sputtered  dielectric  and  a  ‘Sol-gel’  wide-band  (AR) 
coating.  Sol-gel  is  an  active  getter  for  organic  vapors  and 
must  be  protected  from  them  in  a  clean  ultra-high  vacuum 
quality  environment. 

For  all  laserwires,  bringing  diffraction  limited  d  high 
quality  wavefronts  into  the  vacuum  enclosure  requires 
innovative  engineering.  The  surface  figure  required  for 
the  SLC/SLD  vacuum  chamber  windows  (A/ 10)  forced  a 
repolishing  and  coating  of  the  windows  after  the 
attachment  of  the  vacuum  system  weld  eyelet. 
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micrumeter 


Figure  5:  Intra-cavity  view,  facing  one  of  the  two 
spherical  mirrors,  of  the  Fabry-Perot  resonator  installed  in 
the  ATF  damping  ring.  The  electron  beam  passes  from 
right  to  left  and  the  opposing  mirror,  through  which  the 
light  is  injected,  is  mounted  on  a  feedback-controlled 
dmmhead  flexure.  The  springs  noted  in  the  figure  denote 


Figure  6:  SLC/SLD  Laserwire  interaction  point  [17].  The 
laser  beam  enters  from  the  right  of  the  figure. 


Data  Acquisition 

In  high  repetition  rate  environments,  such  as  the  ATF 
storage  ring,  counting  rate  based  acquisition  systems  are 
possible.  At  ATF,  where  the  average  number  of  gamma- 
rays  per  bunch  crossing  is  much  less  than  one,  single 
photon  techniques  allow  precision  timing  so  that  multi¬ 
bunch  profiles  can  be  quickly  collected.  In  the  ATF 
storage  ring,  where  the  beam  repetition  rate  is  2.2MHz,  an 
average  number  of  200  revolutions  occurs  between 
counts.  However,  since  the  probability  of  multiple  events 
in  a  single  crossing  is  very  small,  it  is  possible  to  set  an 
energy  threshold.  Since  energy  and  emission  angle  are 
correlated  in  the  2-body  Compton  process,  this  is  a  very 
powerful  way  to  control  backgrounds. 


OPERATION 

For  pulsed  laser  operation,  a  three-parameter  (time,  x 
and  y)  search  must  be  done  in  order  to  begin  scanning. 
This  is  in  sharp  contrast  to  the  effort  required  to  ‘find’  the 
carbon  or  tungsten  wire.  Several  diagnostics  are  required 
in  order  to  aid  scanning  set  up.  At  SLC,  a  pair  of  matched 
length  cables  carried  a  signal  from  a  monitor  diode  and  a 
capacitive  pickup  (figure  7)  to  a  sampling  scope  for 
monitoring.  Once  the  residual  0.3  ns  offset  was  found,  this 
provided  an  important  timing  reference  (the  SLC  laser 
pulse^length  Pi=0.  Ins  and  the  beam  bunch  length  o^sSps). 


Figure  7:  SLC/SLD  Laserwire  IP  vacuum  chamber.  There 
are  8  faces  that  house  5  ports  (input  for  vertical  and 
horizontal,  output  for  monitoring  horizontal  and  a  timing 
capacitive  pickup  (barely  visible  in  the  lower  left  of  the 
figure). 


The  search  procedure  for  starting  laser  collisions,  once 
the  timing  is  set  correctly,  uses  the  asymmetry  of  the 
focused  laser  waist.  Given  enough  power,  the  collision 
signal  can  be  measured  far  from  the  waist  (in  SLC  ~ 
0.5mm),  along  laser  the  direction.  Once  that  dimension 
has  been  determined,  only  one  parameter  remains  to  be 
found  and  this  is  readily  done  using  a  laser  ‘waist’  sean. 
After  collisions  have  been  established,  a  laser  imager 
diagnostic  can  be  used  to  prove  that  the  laser  is  in  the 
same  position  as  it  was  for  earlier  measurements.  This 
diagnostic  is  shown  in  figure  7. 

RESULTS 

Laserwire  systems  have  proven  very  important  for  the 
studies  at  two  linear  collider  test  facilities,  FFTB  and 
ATF.  At  SLC/SLD,  the  laser  scanner  was  more  of  a 
demonstration  than  a  tool  for  machine  operation.  It  was 
used  to  prove  that  the  single  beam  sizes  were  as 
anticipated  by  the  use  of  the  beam-beam  deflection  scan. 
The  scanner  was  commissioned  relatively  late  in  the  life 
of  the  linear  collider.  Figure  8  shows  a  sample  vertical 
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scan.  Since  the  laser  beam  size  is  estimated  to  be  Ci  =400 
nm,  we  infer  that  the  beam  size  ay=l  .Oum. 

At  the  ATF,  the  laserwire  has  undergone  several  tests 
for  systematic  errors,  including  steering,  detector 
acceptance  and  laser  beam  size  tests.  When  compared 
with  the  other  monitors  developed  for  the  low  emittance 
beam,  the  laserwire  seems  the  most  accurate  and 
repeatable  and  has  proven  a  vital  tool  for  understanding 
the  ring. 


Figure  8:  Sample  scan  from  the  SLC/SLD  laserwire.  The 
laser  beam  size  and  particle  beam  size,  combined  in 
quadrature,  (7s=  1 . 1 4um. 


DEVELOPMENT  PROGRAMS 

One  of  the  most  serious  challenges  facing  laserwire 
developers  is  to  control  the  cost  and  complexity  of  the 
installation.  Both  the  CW  laserwire,  with  complex 
feedback  and  the  pulsed  laserwire  with  synchronization 
and  amplification  stages,  often  require  specialists  to 
facilitate  operation. 

Laser  technology,  however,  is  quite  advanced  and  a 
number  of  attractive  features  can  be  included  in  a  lasewire 
design:  1)  matching  of  the  laser  time  structure  with  that  of 
the  beam,  2)  ‘fast  scanning’  of  a  multi-bunch  beam  such 
that  a  profile  is  developed  in  a  single  pulse,  3)  scanning  in 
time  as  well  as  position,  4)  varying  the  laser  pulse 
amplitude  during  the  scan  in  a  manner  correlated  with  the 
expected  signal  in  order  to  extend  the  dynamic  range  and 
make  the  process  less  invasive,  5)  measuring  bunch  length 
using  a  mixture  of  two  laser  signals  with  almost  the  same 
wavelength  and  6)  adaptation  of  the  interferometer  or  ‘01’ 
mode. 
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Abstract 


A  variety  of  electron  cloud  diagnostics  have  been 
deployed  at  the  Los  Alamos  Proton  Storage  Ring  (PSR)  to 
detect,  measure,  and  characterize  the  electron  cloud 
generated  in  this  high  intensity,  long  bunch  accumulator 
ring.  These  include  a  version  of  the  ANL-developed 
retarding  field  analyzers  (RFA)  augmented  with  LANL- 
developed  electronics,  a  variant  of  the  RFA  denoted  as  the 
electron  sweeping  diagnostic  (BSD),  biased  collection 
plates,  and  gas  pulse  measuring  devices.  The  designs  and 
experience  with  the  performance  and  applicability  to  PSR 
are  discussed. 

INTRODUCTION 

To  thoroughly  understand  the  electron  cloud  (EC)  at 
PSR  we  seek  as  much  information  as  possible  on  the 
sources  of  electrons,  their  relative  strengths,  the  electron 
phase  space  density  distribution  as  a  function  of  time,  and 
the  interactions  of  the  cloud  with  the  proton  beam  and  the 
accelerator  hardware.  In  practice  much  less  information  is 
attainable.  Historically,  the  first  information  on  the 
electron  cloud  at  PSR  came  in  the  early  1990’s  from 
various  biased  electrodes  in  the  ring.  The  results  were 
rather  confusing  and  not  understood  but  they  did  provide 
evidence  of  a  large  number  of  electrons  at  high  beam 
intensities  and  even  more  electrons  associated  with 
unstable  beam.  A  big  step  forward  was  the  introduction  in 
1999  of  the  RFA  augmented  with  fast  electronics  which 
showed  clear  evidence  of  many  electrons  striking  the  wall 
at  the  end  of  each  beam  bunch  passage.  The  data 
including  the  energy  spectra  were  consistent  with  trailing 
edge  multipactor  as  a  main  contributor  to  the  signal.  In 
2001  we  implemented  the  electron  sweeping  diagnostic,  a 
variant  of  the  RFA,  to  measure  the  cold  electrons 
remaining  in  the  pipe  during  the  beam-free  gap  between 
bunch  passages. 

RETARDING  FIELD  ANALYZER 

The  planar  RFA,  developed  at  ANL  for  application  to 
the  APS,  is  described  in  more  detail  in  the  literature  [1]. 
This  simple  device,  which  measures  the  electrons  striking 
the  beam  chamber  wall,  consists  of  two  grids  and  a 
graphite-coated  collector  in  a  housing  which  is  mounted 
on  the  beam  pipe  wall.  Electrons  enter  the  device  through 
small  slots  (total  area  ~  Icm^)  in  the  beam  pipe  and  pass 
through  a  grounded  grid,  through  a  repeller  grid  that  can 
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be  biased  for  electron  energy  selection,  and  finally  reach 
the  collector  which  is  biased  positive  (+45  V)  to  insure 
electron  collection  and  to  suppress  secondary  emission. 

Fast  electronics  [2]  connected  to  the  collector  are  used 
to  obtain  information  on  the  time  structure  of  the 
electrons.  A  block  diagram  of  the  present  version  of  the 
electronics  is  shown  in  Figure  1.  The  chassis  is  placed 
about  1  meter  below  the  beam  line  to  reduce  radiation 
damage  to  solid  state  components.  The  collector  signal  is 
connected  to  the  electronics  input  by  1.2  m  of  93  Q  cable. 
It  has  provision  for  gain  changing  attenuators  (1,  0.1,  and 
0.01)  and  over-voltage  clamps  to  protect  sensitive 
components.  The  output  amplifier  drives  a  50  n  cable  to  a 
digital  oscilloscope  for  data  collection. 


1.2  m  RC62AI  Cabl»  (93  0h«> 


Figure  1 .  RFA  Electronics  Block  Diagram. 

Representative  samples  of  the  signals  for  various  values 
of  the  repeller  voltage  are  plotted  in  Figure  2  in  time 
reference  to  the  beam  signal  (wall  current  monitor).  The 
data  shown  are  for  an  earlier  version  with  a 
transimpedance  of  3.5  kf2.  Multiply  the  signal  amplitude 
by  250  to  convert  to  current  density  (pA/cm^)  striking  the 
wall. 


Figure  2.  RFA  signals  in  time  reference  to  the  circulating 
beam  pulse.  Data  collected  in  section  4  of  the  ring  for 
~8  pC/pulse  beam  7/2000. 
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ELECTRON  SWEEPING  DIAGNOSTIC 

The  low  energy  electrons  remaining  at  the  end  of  the 
beam-free  gap  between  bunch  passages  are  of  special 
interest  since  these  will  be  eaptured  by  the  next  bunch 
passage  and  contribute  most  heavily  to  the  average 
neutralization  of  the  beam.  They  oscillate  against  the 
beam  for  the  duration  of  the  bunch  passage  and  are 
therefore  the  ones  most  likely  to  drive  the  two-stream 
instability.  To  measiue  the  low  energy  electrons  lingering 
in  the  pipe  we  developed  the  electron  sweeping  diagnostic 
(BSD)  [3].  It  consists  of  a  curved  electrode  ~40  cm  long 
subtending  a  half-angle,  a,  of  75°  placed  opposite  a  large- 
aperture  RFA  (-10  cm^)  as  shown  in  Figure  3. 


Figure  3.  Cross-section  of  the  electron  sweeping 
diagnostic. 

A  short,  fast  (-15-20  ns  rise  time)  pulse  of  —500V 
amplitude  (can  be  up  to  -  IkV)  applied  to  the  electrode 
sweeps  electrons  into  the  RFA  and  thus  selects  the 
sampling  time  in  the  gap.  The  curved  electrode  is 
terminated  with  a  suitable  network  of  diodes  (Phillips 
BYC8-600)  and  resistors  to  prevent  charging  the  electrode 
by  the  beam  yet  allow  application  of  the  fast  negative 
pulse.  Calculations  [4]  of  the  various  electron  trajectories 
have  been  made  to  map  out  the  detector  acceptance 
assuming  zero  initial  electron  energy.  The  resulting 
acceptance  region  is  shown  in  Figure  4  and  corresponds  to 
-30%  of  the  cross-sectional  area  of  the  beam  chamber. 

A  sample  of  the  data  collected  by  the  BSD  is  shown  in 
Figure  5  for  a  7.7  pC  beam  pulse.  A  typical  prompt 
electron  signal  is  seen  at  the  end  of  the  beam  bunch  since 
the  BSD  functions  as  large  area  RFA  until  the  HV  pulse  is 
applied  to  the  sweeping  electrode.  The  “swept”  electron 
signal  at  the  end  of  the  gap  has  a  very  fast  rise  time  (-5ns) 
and  a  narrow  width  (-10  ns)  as  expected  from  design 
calculations  but  with  a  longer  tail  that  is  not  completely 
understood.  The  BSD  has  also  been  used  to  measure  the 
electron  survival  after  the  last  bunch  passage  in  the  ring 
(after  single  turn  extraction)  with  the  interesting  result 


that  these  electrons  can  linger  for  -1  ps  with  an 
exponential  decay  time  of-  170  ns  [5]. 


Acceptance  of  Electron  Sweeper 


X  (meters) 

Figure  4.  Acceptance  region  for  the  BSD.  Low  energy 
electrons  inside  the  “trumpet”  shaped  region  will  strike 
the  slotted  area  of  the  RFA. 


Figure  5.  Representative  signal  from  the  BSD  in  time 
relation  to  the  beam  pulse  and  the  -500V  pulse  applied  to 
the  sweeping  electrode. 

BIASED  COLLECTION  ELECTRODES 

In  our  first  efforts  to  measure  electrons,  we  tried  a 
variety  of  biased  collection  electrodes  including  parallel 
and  curved  plates,  BPM  striplines,  split  cylinders  and  the 
like  in  drift  regions  and  in  quadrupoles  and  finally  using 
thin  striplines  in  a  ring  dipole.  Because  of  the  large 
induced  AC  signals  (100-200  V)  from  coupling  to  the 
beam  it  was  necessary  to  heavily  filter  the  signal  with  the 
result  that  the  time  resolution  within  a  turn  was  lost. 

Many  puzzling  features  emerged  during  their  use  at 
moderate  to  higher  intensities  such  as  rather  unusual  bias 
curves  that  were  difficult  to  understand  and  interpret.  An 
example  is  shown  in  Figure  6  for  biased  strips  (2.5  cm 
wide  and  -  20  cm  along  the  beam  axis)  in  a  ring  dipole 
(1.2  T  field).  The  strips  in  the  vertical  (top  and  bottom) 
were  connected  together  and  separately  the  horizontal 
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strips  (right  and  left)  were  connected  together.  For  a  given 
curve  one  pair  was  biased  and  the  other  grounded.  The 
curves  are  labeled  for  the  pair  that  was  biased.  The  most 
puzzling  feature  is  the  fact  that  for  positive  bias  both 
horizontal  and  vertical  strips  give  nearly  the  same  result. 
The  electrons  are  constrained  to  follow  the  magnetic 
fields  lines  in  the  vertical  (modified  slightly  by  ExB  drift) 
and  it  is  a  real  mystery  how  the  horizontal  signal  can  be 
comparable  to  the  vertical. 


Figure  6.  Signal  amplitude  from  pairs  of  biased  strips 
plotted  as  a  function  of  applied  bias  voltage. 

The  biased  electrode  is  a  difficult  situation  to  interpret. 
Its  signal  relates  to  the  net  charge  or  current  collected  i.e., 
electrons  striking  the  electrode  minus  those  leaving  (e.g. 
secondary  emission)  rather  than  just  the  flux  striking  the 
wall  as  with  the  RFA.  The  degree  of  cancellation  depends 
on  a  number  of  factors.  During  passage  of  the  gap  the  bias 
field  dominates  electron  motion  and  can  collect  electrons 
or  sweep  them  to  the  wall  depending  on  polarity. 
However,  the  space  charge  field  of  the  beam  dominates 
during  much  of  the  bunch  passage.  On  the  leading  edge 
this  pulls  electrons  into  the  beam  away  from  the 
electrodes.  On  the  trailing  edge  beam-induced 
multipacting  can  occur  especially  for  electrons  bom  near 
the  wall.  These  effects  tend  to  cancel  one  another  and  the 
average  over  a  resolving  time  of  tens  of  turns  is  sensitive 
to  the  degree  of  cancellation.  In  addition,  the  electrodes 
and  the  bias  fields  change  the  beam-wall  environment  and 
can  significantly  alter  the  multipacting  process.  Clearly 
the  RFA  and  the  BSD  are  more  understandable  devices. 

ION  PUMP  GAS  PULSE 

Historically,  a  vacuum  pressure  rise  was  one  of  the  first 
indications  of  the  beam  induced  multipactor.  A  high  flux 
of  electrons  on  the  wall  desorbs  gases  which  causes  the 
pressure  increase.  In  a  machine,  such  as  PSR,  where  the 
beam  is  accumulated  for  ~  1ms  then  is  off  for  50  ms  or 
more  the  average  pressure  increase  is  not  so  noticeable. 
However,  for  high  peak  intensity  we  can  observe  a  pulse 
of  the  ion  pump  current  that  correlates  well  with  the 
prompt  electron  signals  in  PSR.  The  diagnostic  is  very 
simple.  We  use  a  HV  probe  (1000:1  attenuation)  to  look 
at  the  voltage  developed  across  a  100  kfi  resistor  (in 
series  with  the  pump)  during  beam  accumulation.  A 


sample  signal  is  shown  in  Figure  7.  The  rise  time  of 
~1  ms  is  consistent  with  the  spread  in  velocity  for  light 
gases  (H2O,  N2)  desorbed  at  room  temperature  at  a 
location  30-40  cm  from  the  active  elements  of  the  ion 
pump.  The  ion  pump  pulse  tracks  the  RFA  signal  as  it 
varies  with  beam  intensity  and  as  the  EC  diminishes  over 
time  from  beam  scrubbing. 


-  .  04:00:43 

Figure  7.  Ion  pump  pulse  obtained  during  the 
accumulation  and  extraction  of  an  8  pC  beam  pulse. 


SUMMARY  AND  CONCLUSIONS 

Of  the  various  EC  diagnostics  used  at  PSR,  the  RFA 
and  ESD  have  provided  the  most  detailed  and  valuable 
information.  Furthermore,  they  have  the  advantage  of  not 
perturbing  the  EC  or  the  processes  of  its  formation. 
Biased  electrodes  do  perturb  the  beam-wall  environment, 
are  complicated  to  interpret,  and  produce  a  number  of 
puzzling  features  that  are  not  understood.  However,  they 
have  provided  the  only  information  we  have  for  the  EC  in 
magnets.  The  ion  pump  pulse  is  a  simple  diagnostic  to 
implement  and,  since  there  are  many  spread  around  the 
ring,  they  provide  a  more  global  sampling  of  the  EC 
throughout  the  ring. 
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LONGITUDINAL  SPACE-CHARGE  EFFECTS  IN  A  RETARDING  FIELD 

ENERGY  ANALYZER 


Y.  Zou  ,  Y.  Cui,  I.  Haber,  M.  Reiser  and  P.G.  O'Shea,  Institute  for  Research  in  Electronics  and 
Applied  Physics,  University  of  Maryland,  College  Park,  MD  20742,  USA 


Abstract 

Experimental  and  theoretical  work  has  been  carried  out 
to  study  the  longitudinal  space-charge  effects  in  a 
retarding  field  energy  analyzer.  A  one-dimensional  model 
for  both  a  mono-energetic  beam  and  a  thermal  beam  has 
been  developed  for  this  purpose.  The  study  shows  that,  if 
the  current  density  inside  the  device  were  higher  than  a 
critical  value,  the  longitudinal  space-charge  effects  would 
distort  the  measured  energy  spectrum.  The  measured 
mean  energy  will  be  shifted  toward  the  low-energy  side 
and  the  resulting  spectrum  will  have  a  tail  at  the  high- 
energy  side.  The  measured  FWHM  and  rms  energy  spread 
may  also  be  affected. 

INTRODUCTION 

In  order  to  characterize  the  energy  spread  in  UMER  [1],  a 
retarding  field  energy  analyzer  has  been  developed  and 
tested.  The  design  and  testing  results  of  the  device  have 
been  reported  elsewhere  [2,  3].  During  the  experiment,  it 
was  found  that,  when  the  current  density  in  the  analyzer  is 
higher  than  a  certain  value,  the  measured  energy  spectrum 
is  shifted  towards  the  low-energy  side  compared  to  the 
one  measured  with  low  injected  current.  Fig.  1  depicts 
such  a  case,  where  Curve  I  is  for  a  low-current  case  and 
Curve  II  is  for  a  high-current  case.  At  the  same  time,  the 
energy  spectrum  measured  with  high  current  density  has  a 
tail  at  high-energy  side.  This  is  believed  to  be  due  to  the 
longitudinal  space-charge  force  in  the  device.  The  mean 
energy  shift  due  to  the  space-charge  effect  was  observed 
before  in  studies  of  the  energy  spread  in  a  beam  from  an 
ion  source,  for  example  see  Refs.  [4,  5].  Ref.  [6]  gave  an 
approximate  analytical  solution  to  explain  the  space- 
charge  effect  in  the  ion  source,  the  result  of  which  is 
similar  to  the  Langmuir-Child  equation.  In  this  paper,  we 
will,  via  analytical  analysis  and  simulations,  present  new 
results  for  the  longitudinal  space-charge  effect  in  this  kind 
of  devices. 


Fig.  1.  Experimental  result  of  energy  spectrum.  Injected 
current  for  Curve  I  is  0.2  mA,  for  Curve  II  is  2.2  mA. 
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FIELD  SOLUTIONS  FOR  A  MONO- 
ENERGETIC  BEAM 


The  potential  distribution  in  such  a  system  is  described 
by  a  one-dimensional  Poisson  equation: 


p 

fo 


J 

%{v+v,) 


=  C/(F+F„)-''^ 


(1) 


V  m 

Here,  C  is  a  constant  defined  as  C  =  -l/(5„(2^/m)‘'^).  7is 
the  current  density  and  Bo  is  free  space  permittivity.  V  is 
the  potential  relative  to  the  lab  ground  and  Vo  is  the 
voltage  equivalent  of  the  injected  beam  energy.  The 
general  solutions  to  this  differential  equation  can  be 
solved  under  three  different  regimes.  The  first  regime  is 
that  Vr  is  a  small  negative  voltage  relative  to  the  lab 
groimd,  in  which  case  the  potential  distribution  has  a 
minimum  with  magnitude  smaller  than  Vq.  In  the  second 
regime,  Vr  is  moderately  large  such  that  the  potential 
decreases  monotonically  from  ground  to  F,.  The  third 
regime  is  that  Vr  is  large  enough  such  that  the  magnitude 
of  the  potential  minimum  is  equal  to  Vg.  This  is  equivalent 
to  the  virtual  cathode  formation  in  the  electron  gun  and 
the  beam  particles  start  to  be  reflected  back  by  this 
potential  bump  [7]. 

The  solution  to  the  first  regime  is  given  by 


(2) 

{{V{z)+vJ'^+c,J'-3c,[(V(.z)  +  vJ-+c,f' 


for  0<z<  X„,  and 

((F(z)  +  +  c,  f  -ic,[{V(z)  +  vJ\c,f 


for  X„<z<dr.. 

Here  c,  =  yjACJ^  ,  where  Jo  is  the  injected  current 

density.  X„  is  the  location  of  the  potential  minimum;  is 
an  unknown  constant,  dr  is  the  total  length  of  the  device. 
X„  and  C2  are  determined  by  the  boundary  condition: 

|F(z)  =  0,  z  =  0  _  (4^ 

1f(z)  =  F,,  z^d^ 


In  the  second  regime,  the  potential  decreases 
monotonically  from  zero  to  Vr  and  the  solution  is  given 
by: 


0-7803-7738-9/03/$17.00  ©  2003  IEEE 


511 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


[((F(z)  +  P„y'^  +  c,f'-((F(0)+P„)‘'^  +  c,p]  ’ 

-3c,[((F(z)  +  F„)‘'=  +c,y'^  -((F(0)  +  F„r^  +c,f] 

where  C;  is  the  same  constant  as  in  the  first  regime  and  cj 
is  an  unknown  constant  determined  by  the  boundary 
conditions. 

In  the  third  regime,  the  virtual  cathode  forms.  The 
potential  distribution  is  given  by 
F(z)  +  F„  = 

/.„,\2/3/  ,4/3  (6) 

and 

F(z)  +  F„  = 

(I]  (4c/.r(z-jr„,r 

Here  J/  and  J2  are  given  by 
J,=(2-p)J,  0<z<X„, 

•^2  ~  P^Q  ^ 

In  Eqs.(6)  and  (7),  the  unknown  constants  are  X„  and  p, 
which  are  determined  by  the  boundary  conditions.  The 
formation  of  the  virtual  cathode  only  happens  when  the 
beam  current  density  inside  the  energy  analyzer  is  larger 
than  a  limiting  current.  The  magnitude  of  the  limiting 
current  is  given  by 

‘^“"'"(4)4^^"’''’ 

which  has  the  same  format  as  Child’s  law.  For 
convenience,  we  introduce  a  concept  of  normalized 
current  density  A=Jo/Jii„,  the  ratio  of  the  injected  beam 
current  density  to  the  limiting  current  density  Jum-  Fig.  2 
shows  the  energy  analyzer  response  to  a  monoenergetic 
beam  with  beam  energy  of  5  keV  and  normalized  input 
current  density  of  0.8  and  1.4  respectively.  For  2.=0.8,  the 
spectrum  reveals  the  real  beam  spectrum,  while  for  higher 
current,  X=1.4,  the  energy  spectrum  is  shifted  towards  the 
low-energy  side  due  to  the  space  charge. 


FIELD  SOLUTIONS  FOR  A  THERMAL 
BEAM 

At  the  entrance  of  the  energy  analyzer,  the  thermal 
beam  has  the  following  initial  phase-space  distribution 

/(z  =  0,v,)  =  /„  exp(-ar^(v,  -Vo)^),  (10) 

where  a  =  ^m/(2kgT,)  is  related  to  the  beam  energy 

spread,  vo  is  the  mean  beam  velocity.  _/o  is  the 
normalization  factor.  After  particles  enter  the  energy 
analyzer,  the  distribution  becomes: 

fz (v. )  =  /o  expf- or" - 2t]V(z)  -  v  J]  •  (11) 
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Fig.  2.  Spectrum  at  different  current  densities. 


The  Poisson  equation  for  the  system  is  written  as: 

r (12) 

for  0<z<  X„,  and 

Fj  "(z)  =  — 2-  r _ f(v)dv  (13) 

for  X„<z<dr,. 

Here,  F„  is  the  magnitude  of  the  potential  minimum.  In 
Eq.  (12),  the  contribution  of  particle  density  comes  fi-om 
both  forward  particles  and  backward  particles  reflected 
back  from  the  potential  minimum  at  X„.  In  Eq.(13),  there 
are  only  forward  particles. 

Eqs.  (12)  and  (13)  can  be  numerically  solved  with 
appropriate  boundary  conditions.  One  example  of  the 
simulation  results  is  shown  in  Fig.  3,  where  the  input 
beam  has  mean  energy  of  5.070  keV  and  rms  energy 
spread  of  2.2  eV.  The  normalized  current  density  X  is 
0.062  and  1.2  respectively.  Fig.  3(a)  depicts  the  potential 
distribution  for  retarding  voltage  Fr=  -5070  V.  For  small 
current  (X=0.062),  The  potential  monotonically  decreases 
from  ground  to  Vr.  For  large  space  charge  (X=1.2),  the 
potential  distribution  has  a  potential  minimum,  which  is 
about  7  V  below  the  retarding  voltage.  Fig.  3(b)  shows  the 
calculated  spectrum  for  X=0.062  and  A,=1.2  respectively. 
At  small  current  density,  the  device  can  reveal  tme  beam 
spectrum,  which  has  the  rms  energy  spread  of  2.2  eV.  At 
high  current  density  case,  the  spectrum  is  shifted  towards 
the  low  energy  side  by  20  eV  and  becomes  a  delta 
function  with  zero  energy  width.  In  this  case,  the 
.  information  of  the  rms  energy  spread  and  FWHM  is 
totally  lost.  This  is  due  to  the  abrupt  formation  of  the 
potential  minimum  in  the  one-dimensional  theory.  In  the 
real  device,  the  potential  at  the  beam  edge  will  not  be 
depressed  as  deeply  as  predicted  by  the  one-dimensional 
theory.  To  illustrate  this  two-dimensional  consideration 
without  putting  the  effort  to  have  a  full  2D  simulation,  we 
build  a  simple  model  to  have  a  2D  correction.  At  the 
center  of  the  beam,  we  use  the  calculated  value  based  on 
the  ID  theory.  At  the  edge  of  the  beam,  we  set  the  value 
as  V=w*V„+(l-w)*Vr,  which  is  the  weighted  average  of 
the  potential  minimum,  and  the  retarding  potential  Vr. 
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In  between,  the  potential  increases  quadratically  from  the 
center  value  to  the  edge  value.  This  implies  that  we 
assume  the  particle  density  is  imiform  inside  the  beam. 
Fig.  3(c)  depicts  the  result  of  this  correction,  which  has  a 
wider  spectrum,  and  with  a  tail  at  the  high-energy  side.  In 
this  calculation,  w  is  chosen  as  0.685.  This  simple 
analysis  shows  the  difference  between  the  two- 
dimensional  situation  and  the  ID  theory.  It  indicates  the 
necessity  to  have  a  full  two-dimensional  simulation. 
Another  limitation  of  the  theory  is  that  this  is  a  steady 
state  solution.  In  reality,  both  magnitude  and  position  of 
the  potential  minimum  oscillate  [8].  This  will  also  make 
the  energy  spectrum  wider  than  a  delta  function  in  the  real 
situation. 


0  0.005  0.01  0.015  0.02  0.025  0.03 

Distance  (m) 


(b) 


(c) 


Fig.  3.  (a)  Potential  distribution,  (b)  Energy  spectrum. 
Curve  1  for  X=0.062,  curve  II  for  X=1.2  (c)  Energy 
spectrum  with  2D  correction.  Curve  I  for  A,=0.062,  curve 
II  for  ^=1.2 


CONCLUSION 

The  experimental  and  theoretical  study  shows  that,  if 
the  current  density  inside  the  device  is  high  enough,  the 
space-charge  effect  could  impact  the  performance  of  the 
energy  analyzer.  Specifically,  the  longitudinal  space 
charge  has  three  effects  on  the  measurement.  First,  it  will 
make  the  measured  mean  energy  shifted  toward  the  low- 
energy  side.  Second,  it  will  cause  a  tail  at  the  high-energy 
side.  Third,  it  will  affect  the  accuracy  of  FWHM  and  rms 
energy  spread  measurement.  These  effects  are  the  artifacts 
of  the  device  and  we  should  avoid  them  in  the  experiment. 
According  to  the  theory,  if  the  normalized  ciurent  density 
is  below  a  critical  value  (A,=0.5),  the  longitudinal  space- 
charge  force  does  not  affect  the  measurement  any  more. 
Therefore,  we  should  keep  the  current  density  inside  the 
device  low  for  reducing  the  space-charge  effect.  The 
limitation  of  the  theory  lies  in  that  this  is  a  one¬ 
dimensional  theory  and  we  only  solved  the  steady-state 
solution.  A  two-dimensional  simulation  with  a  PIC  code 
is  under  way  to  study  this  problem  in  more  detail. 
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LONGITUDINAL  EMITTANCE  MEASUREMENTS  IN 
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Abstract 

The  Recycler  Ring  (RR)  is  a  new  8GeV  antiproton 
storage  ring  at  Fermilab.  Presently,  this  machine  is  being 
commissioned  using  protons  from  the  Booster.  It  uses 
barrier  buckets  for  stacking,  un-stacking  and  storing  the 
beam.  At  any  given  time,  the  RR  is  capable  of  storing 
proton  or  antiproton  beams  in  multiple  segments 
azimuthally.  These  segments  of  the  beam  may  have 
widely  differing  longitudinal  emittance  and  beam 
intensities  and  bunch  lengths.  It  is  highly  essential  to  be 
able  to  measure  the  longitudinal  emittance  and  keep  track 
of  the  longitudinal  dynamics  at  various  stages  of  the 
operation  of  the  RR.  In  this  paper,  we  discuss  a  few 
methods  of  longitudinal  emittance  measurements  in 
barrier  buckets  and  discuss  their  merits  and  demerits. 

INTRODUCTION 

The  Recycler  Ring  at  Fermilab[l]  is  the  world’s  largest 
antiproton  storage  ring  built  mainly  using  permanent 
magnets.  For  stacking  the  antiprotons  in  the  RR,  the 
beam  will  be  transferred  either  from  the  Fermilab 
Accumulator  Ring  (cold  beam)  or  from  the  Tevatron  (un¬ 
used  hot  beam)  via  the  Main  Injector  (MI).  The  hot  and 
cold  beams  are  stored  in  the  RR  in  separate  regions  and 
cooled  further.  When  beam  is  needed  for  the  Tevatron 
collider  operation,  the  cold  beam  from  the  RR  will  be 
extracted  in  the  form  of  small  bunches  and  transferred  to 
the  MI  and  accelerated  to  150  GeV  before  injection  into 
the  Tevatron.  All  of  these  rf  manipulations  in  RR  are 
carried  out  using  barrier  buckets. 

During  the  last  year  we  had  several  antiproton  stores  in 
RR  to  understand  the  transverse  and  longitudinal 
dynamics,  effectiveness  of  stochastic  cooling  system, 
beam  life-time  etc.  We  have  also  transferred  the 
antiproton  beam  from  the  Recycler  into  the  Main  Injector 
and  accelerated  to  150  GeV. 

The  RR  and  the  MI  share  the  same  underground  tunnel. 
The  MI  acceleration  cycles  have  significant  effects  on  the 
longitudinal  and  transverse  beam  emittance  of  the  stacked 
beam  in  the  RR.  After  identification  of  this  problem  we 
have  taken  several  measures  to  mitigate  these  effects  and 
to  minimize  the  emittance  growth. 

Over  the  past  three  years  we  have  used  different 
methods  of  emittance  measurement  to  learn  about  the 
longitudinal  dynamics  at  various  stages  of  operation  of 
the  Recycler.  In  this  paper,  we  review  the  methods  used 
for  longitudinal  emittance  measurements  in  barrier 
buckets  and  discuss  their  merits  and  demerits.  We  also 
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illustrate  the  use  of  Monte  Carlo  methods  to  estimate  the 
longitudinal  emittance  in  case  of  a  complex  beam 
distribution. 


BARRIER  BUCKETS  AND 
LONGITUDINAL  EMITTANCE 

Use  of  rf  barrier  buckets  is  not  new  at  the  Fermilab 
accelerators.  Sinusoidal  rf  barriers  were  invented[2]  to  be 
used  in  the  antiproton  Debuncher  and  Accumulator  rings 
to  produce  longitudinal  gaps  in  the  stored  beam. 

A  barrier  bucket  is  characterized  by  barrier  pulse 
shape  V(t),  pulse  duration  T,  and  gap  between  +ve  and 
-ve  pulses  T2.  The  general  Hamiltonian  for  an  arbitrary 
barrier  rf  bucket  can  be  written  as  [3], 


V 


(AEf- 


leV(T)clT 

T 

-'0 


(1) 


where  T)  is  the  slip-factor  of  the  synchrotron,  AE  is  energy 
deviation  from  synchronous  energy  Ep,  Tp  is  the 
revolution  period  of  the  charged  particle,  e  is  the 
electronic  charge.  The  half  bucket  height  is  given  by. 


E,  = 


In 

bl 


(2) 


Here,  we  asstune  that  the  -l-ve  and  — ve  pulses  are 
symmetric  about  the  center  of  the  bucket.  It  is  important 
to  note  that  all  physical  quantities  depend  basically  on 
JeV(T)dT  not  on  the  exact  shape  of  the  wave  form  if  it  had 
some  symmetry  about  the  bucket  center. 


Beam  Penetration  In 
the  Barrier  t 


Figure  1:  A  schematic  of  RR  beam  phase-space 
distribution  (a)  in  a  rectangular  barrier  bucket  and,  (b) 
its  projection  along  the  time  axis. 
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The  Recycler  uses  a  wide-band  (lOkHz-lOOMHz)  RF 
system  capable  of  generating  many  barrier  buckets  of  any 
shape[4]  .  The  maximum  height  of  a  barrier  pulse  is  set 
to  about  +/-2kV  each.  The  width  of  a  pulse  can  be  varied. 
The  pbar  beam  from  the  antiproton  Accumulator  will 
have  2.5  MHz  rf  structure  and  that  from  the  Recycler  to 
MI  can  have  2.5  MHz  or  7.5  MHz  rf  structure.  The  rf 
system  can  also  produce  2.5  MHz/7.5  MHz  rf  buckets  in 
between  barrier  buckets.  For  a  given  peak  rf  voltage  a 
wave  form  of  rectangular  shape  gives  maximum  value  of 
JV(T)dT.  Hence,  we  adopted  a  rectangular  barrier  bucket. 
The  pulse  width  is  selected  to  be  =908  nsec. 

A  schematic  view  of  RR  barrier  waveform  with  its 
bucket  boundary  (an  equal  Hamiltonian  contour  defining 
the  bucket)  and  beam  in  it  is  shown  in  Figure  1.  For  the 
beam  penetrating  in  the  barrier  the  beam  half  height  is 
given  by 


A  = 


IP^E,  eV  ,  r, 

b  I  T, 


(3) 


The  longitudinal  emittance  £/  is  given  by, 


E j  —  2,T 2^  E  + 


Stt  T]  I 


2,0)J^E^eV, 


■i^Ey  (4) 


where  a)o=2jt/  To  and  P  is  ratio  of  velocity  of  the  beam  to 
velocity  of  the  light.  ri  =  -0.0087,  Eo=8.938GeV,  To  = 
1 1.12p,sec  for  the  Recycler. 


TECHNIQUES  FOR  MEASUREMENT  OF 
E;and  AE 

An  accurate  measurement  of  longitudinal  emittance  of 
particle  beams  in  any  synchrotron  is  not  a  trivial  task.  The 
knowledge  of  correct  longitudinal  emittance  is  key  to  the 
understanding  the  longitudinal  beam  dynamics.  This  in- 
tum  helps  to  improve  the  proton-antiproton  luminosity  in 
the  Tevatron.  So  far,  we  have  used  four  different 
measurement  techniques  in  the  Recycler.  They  can  be 
broadly  classified  into  two  categories:  beam  destructive 
techniques  and  non-destructive  techniques.  The 
destructive  techniques  are  mainly  one-time 
measurements.  Their  use  in  a  storage  ring  like  the 
Recycler  is  very  limited.  On  the  other  hand,  the  non¬ 
destructive  techniques  are  used  as  the  major  beam 
diagnostics  in  daily  operations.  Here,  we  describe  both  of 
these  approaches  for  completeness. 

Destructive  Techniques 

Two  different  methods  of  this  type  are  illustrated  here. 
The  first  method  is  based  on  matching  the  bucket  area  to 
bunch  area.  After  the  beam  is  captured  in  a  barrier  bucket 
the  height  of  the  rf  pulse  is  adiabatically  reduced  while 
the  width  is  held  constant  until  the  beam  area  fills  the 
bucket.  To  determine  the  rf  voltage,  Vb,  where  the  beam 
just  fills  the  bucket  a  gated  current  integrator  (GCI)  [5]  is 


used  to  measure  the  beam  captured  between  the  barriers. 
A  schematic  view  of  this  method  is  shown  in  Figure  2 
(left).  Knowing  the  Vb  and  Ti  in  equations  3  and  4,  the 
beam  energy  spread  and  the  beam  area  are  measured.  This 
technique  was  used  in  the  early  detection  of  the 
longitudinal  emittance  growth  in  the  Recycler  arising 
from  the  MI  high  energy  cycles.  Similar  measurements 
can  be  made  if  we  change  the  width  of  the  barrier  pulse 
keeping  the  pulse  height  constant.  For  barrier  buckets 
with  non-rectangular  barrier  pulses  this  method  would  be 
less  useful. 

The  second  method  requires  an  ability  to  turn-off  the 
barrier  pulses  much  faster  than  the  synchrotron  period  of 
the  beam  in  the  barrier  bucket.  Then  the  beam  energy 
spread  AE,  the  fractional  change  in  orbiting  time  AT  and 
total  de-bunching  time  T  are  related  according  to 


M  AT 
E  ~  7J  T 


(5) 


In  the  RR,  the  synchrotron  oscillation  period  is  about  of 
0.6  sec  for  a  barrier  bucket  with  T2=l  .6p,sec  and  the  beam 
rf  voltage  can  be  tumed-off  in  <  1msec.  Figure  2  (right 
inset)  illustrates  an  example  of  measuring  AE  by  fast  de- 
bunching  method.  The  de-bunching  time  (from  bottom  to 
the  top)  and  fractional  increase  in  orbiting  time  is 
measured  using  digitized  wall-current  monitor  data. 


Figure  2:  A  schematic  of  the  method  which  adopts 
varying  rf  voltage  at  a  fixed  pulse  width  in  RR  (left). 
Typical  data  from  the  fast  de-bunching  method  in  the 
RR  (right). 


Non-destructive  Techniques 

We  are  using  two  different  methods  of  non-destructive 
type  in  the  Recycler  beam  longitudinal  emittance  studies. 
The  first  of  these  is  a  variation  on  the  traditional  method 
of  measuring  the  beam  profile  using  a  wall  current 
monitor  (WCM).  A  detailed  account  of  use  of  WCM  in 
longitudinal  emittance  measurement  is  given  in  ref.6.  The 
second  method  is  based  on  Schottky  signal  detection. 

A.  Resistive  Wall  Current  Monitor 

A  WCM  is  a  device  which  measures  the  image  charge 
that  flows  along  the  vacuum  chamber  following  the  beam 
and  hence  reproduces  the  longitudinal  profile  of  the  beam. 
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We  have  a  4  GHz  bandwidth  pickup  WCM[7]  in  the 
Recycler  Ring.  By  knowing  the  exact  location  of  the 
bamer  pulse  and  their  shapes  one  measures  the  beam 
penetration  into  the  barrier  pulse  to  measure  the  AE.  For 
a  beam  confined  in  a  rectangular  barrier  bucket  the  beam 
penetration  is  symmetric  with  respect  to  the  center  of  the 
bunch.  However,  any  asymmetry  in  the  shape  of  the  pulse 
or  non-zero  rf  voltage  in  the  gap  between  +ve  and  -ve 
barrier  pulse  (which  might  arise  due  to  rf  hardware  or 
software  systems)  will  result  in  an  asymmetric  beam 
penetration  in  the  barrier.  The  WCM  then  measures 
different  amounts  of  penetration  in  the  barrier  (later  we 
illustrate  an  example  of  this  type).  The  WCM  data  is  very 
sensitive  to  small  distortions  in  the  barrier  pulse.  In 
particular,  when  the  longitudinal  emittance  of  the  beam  is 
small  the  WCM  allows  detection  of  distortion  of  the 
baseline  between  the  barrier  pulses. 

The  Recycler  WCM  signals  are  sent  to  a  digitizing 
scope  RDT720.  The  rf  fan-out  signals  are  also  processed 
along  with  the  WCM  signals  to  measure  the  relative 
position  of  the  barrier  pulse  in  the  ring.  A  special  trigger 
module  is  developed  to  trigger  the  scope  at  different  times 
of  rf  manipulation.  Then  the  data  is  collected  using  a 
software  program[8]. 


Figure  3:  WCM  data  for  antiproton  stacking. 

Figure  3  illustrates  a  case  of  pbar  beam  stacking  in  the 
Recycler.  “New  Beam”  in  this  figure  has  2.5MHz  bunch 
structure.  Knowing  the  bunch  length  and  the  peak  rf 
voltage  one  can  measure  the  longitudinal  emittance  of  the 
beam  at  injection.  Measuring  the  penetration  of  the  beam 
into  the  barrier  pulses  and  using  equations  (3)  and  (4)  the 
longitudinal  emittance  of  the  beam  in  barrier  buckets  at 
various  stages  are  estimated.  The  errors  in  the  measured, 
emittance  mainly  come  from  detector  response, 
estimating  the  beam  penetration  into  the  barrier  and  the 
measured  rf  voltage. 

B.  Schottky  Signals 

Using  Schottky  signals  for  beam  emittance 
measurements  in  a  storage  ring  is  an  excellent  method[9]. 
For  a  coasting  beam,  the  energy  spread  AE  and  the 


frequency  spread  of  the  Schottky  spectrum  A/are  related 
according  to 


A/ 


where  /  =nfo,  fo  is  the  revolution  frequency  of  the 
synchronous  particles  and  n  is  the  harmonic  number. 
Measuring  the  maximum  energy  spread  using  a  Schottky 
detector  resonating  at  a  reasonable  harmonic  number 
(n~100)  and  a  spectrum  analyzer  is  straight  forward. 

In  case  of  a  sinusoidal  bunched  beam,  the  beam 
particles  execute  synchrotron  oscillations.  The  time  of 
passage  of  a  particle  in  fl-ont  of  the  detector  is  modulated 
according  to  synchrotron  oscillation  amplitude.  Thus,  the 
time  coordinate  I  ->  I  +  Tsm(Qf  +  0)  as  compared  to 


a  coasting  beam.  The  quantities  t,  £2,  and  (p  are 
synchrotron  amplitude,  frequency  and  phase,  respectively. 
Then  the  beam  current  for  a  single  particle  in  frequency 
domain  will  take  the  form 
~  *=« 

Kt)  =  e/o  +  2e/(,^  ^{nco^r)co&[{ncOf,  +  kQ)t  +  k0\ 

n=l  its-oo 


where  is  the  Bessel  function  of  order  k.  Hence,  in  &e 
case  of  bunched  beam  with  some  energy  spread,  each 
revolution  frequency  band  at  frequency  nfo  (as  seen  in  the 
coasting  beam)  is  replaced  by  a  central  line  with  an 
-infinite  number  of  satellites.  Further,  the  satellites  of 
order  k  with  different  values  of  n  are  correlated  which 
gives  rise  to  coherence.  This  feature  of  the  bunched  beam 
Schottky  spectrum  makes  it  more  complicated  to  interpret 
for  longitudinal  emittance  measurements.  Fortunately,  for 
sufficiently  large  «,(at  high  frequency),  the  equation  (6) 
is  an  excellent  approximation  for  all  types  of  beams. 


Figure  4:  Typical  Schottky  spectra  taken  with  two 
detectors.  Left  (n=882)  and  right  («=19500). 


The  beam  bunched  in  barrier  buckets  can  be  described 
in  terms  of  a  sum  over  harmonics  of  the  synchrotron 
frequency,  but  the  synchrotron  frequency  spread  is  so  big 
that  the  signal  from  a  beam  bunched  in  barrier  is  very 
similar  to  a  truly  coasting  beam. 

At  the  Recycler,  we  have  used  three  Schottky  detectors 
with  fi-equencies  79MHz,  1.5GHz  and  1.75 GHz.  They 
have  n  =  882,  16700,  19500,  respectively.  In  Figure  4, 
we  illustrate  a  typical  longitudinal’ Schottky  spectrum 
from  two  detectors  with  widely  different  harmonic 
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numbers.  The  data  are  taken  for  the  same  beam  in  a 
barrier  bucket.  The  data  shown  on  left  are  obtained  with 
79MHz  Schottky  detector  and  show  in  addition  to  the 
Schottky  signal  a  prominent  coherent  peak  at  revolution 
harmonic.  Hence,  unambiguous  determination  of  AE  is 
difficult.  The  figure  on  the  right  hand  side  shows  data 
with  the  1.75GHz  Schottky  detector  and  does  not  show 
coherent  peak.  We  find  that  the  maximum  energy  spread 
is  about  5.6MeV  for  the  case  illustrated  here. 

It  is  important  to  note  that  the  measured  AE  using 
Schottky  spectrum  is  independent  of  rf  voltage  wave 
form  if  spectrum  does  not  show  any  coherent  peak. 
However,  the  Schottky  technique  does  not  distinguish 
between  captured  beam  or  an  un-captured  beam.  It  can  be 
gated  to  measure  different  parts  of  the  beam. 

C.  Comparison  between  WCM  and  Schottky 
Methods 

We  have  carried  out  a  number  of  experiments  to 
measure  longitudinal  emittance  of  the  beam  in  Recycler 
Ring  using  Schottky  signals  and  by  using  WCM.  Here  we 
illustrate  two  examples  from  these  measurements 


Figure  5:  (a)  WCM  data  for  bunched  beam  in  the 
Recycler,  (b)  1.75GHz  Schottky  spectrum  for  the  same 
beam. 

Fig.  5  shows  data  from  WCM  and  1.75GHz  Schottky 
detector  for  beam  in  four  2.5MHz  buckets.  The  2.5MHz 
rf  voltage  was  about  2kV  and  average  bunch  length  (90% 
by  area)  is  about  260  nsec.  We  find  that  the  measured 
emittance  for  assumed  elliptical  distribution  to  be  20eVs 
and  2AE=12MeV  (<20%).  For  the  same  beam  the 
Schottky  spectrum  gives  about  2AE=9  MeV. 

Data  taken  for  the  beam  in  a  typical  barrier  bucket  are 
shown  in  Figure  6.  In  this  case  T2  =1.6  p,sec.  The 
measured  £/  =14eVs  and  AE=8MeV  from  the  WCM 


measurements  can  be  compared  to  E;  =  9eVs  and 
AE=5.6MeV  from  Schottky  measurements. 


Figure  6:  (a)  WCM  data  for  the  beam  in  a  rectangular 
barrier  bucket,  (b)  1.75GHz  Schottky  spectrum  for  the 
same  beam.  Ti=908nsec,  T2=l  .6msec  and  Vo=2kV. 

D.  Some  Special  Cases 

The  perfect  rectangular  barrier  pulse  discussed  above  is 
not  reality  in  the  Recycler.  Typically,  a  rectangular  barrier 
pulse  in  the  Recycler  will  be  have  rounded  edges.  In 
between  barrier  pulses  there  may  be  a  small  slope  of  a 
few  percent  of  the  total  pulse  amplitude.  Besides,  as  one 
adds  a  munber  of  barrier  pulses  around  the  accelerator 
ring  the  adjacent  barrier  pulses  are  found  to  be  distorted  at 
a  few  percent  level.  This  phenomenon  makes  the 
measurement  of  longitudinal  emittance  more  difficult. 

Figure  7  illustrates  a  case  with  non-symmetric  Vrf 
between  barrier  pulses.  Figure  7(a)  shows  a  WCM  data 
for  cooled  pbar  beam.  We  have  made  an  attempt  to 
simulate  the  WCM  data  using  a  multi-particle  beam 
dynamics  code  (a  Monte  Carlo  program),  ESME[10].  In 
our  model  we  have  assumed  a  damping  oscillating  rf 
wave  with  a  Vrf  (max)=2.5%  of  2kV  between  the  barrier 
pulses  which  starts  at  the  negative  barrier  pulse.  This 
method  predicts  the  longitudinal  emittance  to  be  about 
51eVs  and  AEn,ax=8MeV.  The  energy  spread  estimated 
here  can  be  compared  with  the  Schottky  signal  method  of 
6.4MeV  (  at  -lOdB). 
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symmetric  Vrf  in  between  the  barrier  pulses,  (b)  ESME 
multiparticle  beam  dynamics  simulation  for  the 
distribution  shown  in  (a).  The  (AE,Ae)-phase  space 
distribution  of  beam  particles  as  predicted  from  the 
simulation. 

In  summary  we  have  measured  the  longitudinal 
emittance  of  the  beam  in  the  Recycler  Ring  by  using  four 
different  techniques,  two  destructive  and  two  non¬ 
destructive  techniques.  The  WCM  and  Schottky  spectrum 
methods  are  very  promising,  and  are  suitable  for  future 
applications  in  Recycler  during  routine  operation.  A 
more  detailed  understanding  of  the  measurement  errors  is 
the  subject  of  future  effort. 
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Abstract 

An  electron  bunch  length  monitor  will  be  discussed 
which  is  based  on  the  birefringence  induced  by  the 
Coulomb  field  of  the  bunch  in  an  electro-optically  active 
crystal  that  is  placed  in  close  proximity  of  the  beam.  This 
birefringence  is  used  to  change  the  polarization  of  an  ex¬ 
ternal  laser  probe  pulse.  Measurements,  performed  at  the 
FELIX  facility,  both  in  sampling  mode  (where  the  1  GHz 
micropulse  repetition  rate  of  the  accelerator  was  used)  and 
in  single-shot  mode,  will  be  described.  In  the  latter  case, 
the  laser  pulse  is  stretched  and  chirped,  which  allows  the 
longitudinal  bunch  profile  to  be  encoded  on  its  spectral  con¬ 
tent.  Issues  related  to  the  (sub-picosecond)  time  resolution 
will  be  discussed. 


INTRODUCTION 

The  electro-optic  detection  method  makes  use  of  the  fact 
that  the  local  electric  field  of  a  highly  relativistic  electron 
bunch  moving  in  a  straight  line  is  almost  entirely  concen¬ 
trated  perpendicular  to  its  direction  of  motion.  This  electric 
field  makes  an  electro-optic  crystal  placed  in  the  vicinity  of 
the  beam  birefringent.  The  amount  of  birefringence  de¬ 
pends  on  the  strength  of  the  electric  field  and  is  probed  by 
monitoring  the  change  of  polarization  of  the  light  from  a 
short  pulse  laser  system. 

At  the  Free  Electron  Laser  for  Infrared  experiments 
(FELIX)  [1]  the  electro-optic  detection  technique  has  been 
used  to  measure  the  electron  bunch  shape  inside  the  accel¬ 
erator  beam  pipe  at  the  entrance  of  the  undulator  of  the 
PEL  [2,  3].  In  this  paper  we  describe  two  methods,  which 
differ  in  the  way  the  electric  field  induced  birefringence  is 
detected. 
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In  the  first  method,  the  “delay-scan  method”  [2],  a  short 
laser  pulse  (shorter  than  the  duration  of  the  electron  bunch) 
is  used  to  sample  the  amount  of  birefringence.  The  delay 
between  probe  laser  pulse  and  electron  bunch  is  swept,  and 
the  intensity  of  the  light  transmitted  through  a  crossed  po¬ 
larizer  (analyzer)  is  measured  as  a  function  of  delay. 

In  the  second  method,  the  “chirped-pulse  spectrometer 
method”  [3],  a  short  probe  pulsed  is  stretched  into  a  pulse 
with  a  linear  chirp  and  with  a  length  longer  than  that  of 
the  electron  bunch.  In  a  linearly  chirped  pulse  the  instanta¬ 
neous  wavelength  is  proportional  to  time.  When  the  elec¬ 
tric  field  of  an  electron  bunch  and  the  chirped  optical  pulse 
copropagate  in  the  electro-optic  crystal,  the  various  wave¬ 
length  components  of  the  chirped  pulse  passing  through  the 
crystal  obtain  different  phase  retardations,  corresponding 
to  different  portions  of  the  local  electric  field.  By  placing 
the  crystal  between  crossed  polarizers,  the  phase  retarda¬ 
tion  in  the  wavelength  spectmm  is  converted  into  an  inten¬ 
sity  modulation  of  this  spectrum.  Thus,  the  time  profile 
of  the  local  electric  field  of  the  electron  bunch  is  linearly 
encoded  on  the  wavelength  spectrum  of  the  optical  probe 
beam.  This  wavelength  spectmm  is  recorded  single-shot 
with  a  linear  diode  array  or  a  CCD  camera  after  dispersing 
the  optical  pulse  by  a  grating. 

The  electro-optic  detection  technique  has  been  used  in 
other  laboratories  as  well.  For  example,  Fitch  et  al.  [4]  have 
used  the  delay-scan  method  to  measure  the  wake  fields 
in  the  Fermilab  high-brightness  photo-injector  (charge  per 
bunch:  12  liC,  bunch  length  4.2  ps).  They  used  a  LiTaOs 
crystal  as  sensor  which  was  oriented  in  such  a  way  that  they 
were  able  to  probe  longitudinal  and  radial  components  of 
the  electric  field.  The  measurements  were  related  to  the 
wall  impedance. 

Srinivasan-Rao  et  al.  [5]  proposed  a  method  to  encode 
the  electron  bunch  profile  on  the  spatial  intensity  distribu¬ 
tion  of  the  probe  laser  pulse.  In  this  method  the  probe  laser 
pulse  is  focused  to  form  a  line  focus  which  is  parallel  to  the 
direction  of  the  electron  beam.  A  thin  electro-optic  crystal 
is  positioned  at  the  waist  of  the  laser  beam  which  is  directly 
below  the  electron  beam.  The  intensity  of  the  light  trans- 
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Figure  1:  Experimental  setup  of  the  electro-optic  “delay-scan  method”. 


mitted  by  the  crystal  and  a  crossed  analyzer  is  detected  by  a 
linear  array.  This  spatially  resolved  intensity  distribution  is 
a  measure  of  the  temporal  distribution  of  the  charge  in  the 
electron  beam.  Measurements  have  not  yet  been  reported. 

THE  ELECTRO-OPTIC  CRYSTAL  IN  THE 
FELIX  BEAMLINE 

At  FELIX,  the  electron  bunch  shape  is  measured  inside 
the  accelerator  beam  pipe  at  the  entrance  of  the  undula- 
tor.  A  0.5  mm  thick  <110>  ZnTe  crystal  is  used  as  an 
electro-optic  sensor  and  is  placed  with  is  4x4  mm^  front 
face  perpendicular  to  the  propagation  direction  of  the  elec¬ 
tron  beam  (Figure  1).  The  probe  laser  beam  is  linearly  po¬ 
larized  and  passes  through  the  ZnTe  crystal  parallel  to  the 
electron  beam.  A  photograph  of  the  part  of  the  beamline 
containing  the  ZnTe  crystal  is  shown  in  Figure  2.  A  small 
optical  table  is  attached  to  the  wall  of  the  accelerator  hall. 
It  contains  the  last  steering  mirror  to  bring  the  laser  beam 
from  the  laser  room  to  the  ZnTe  crystal,  a  polarizer,  the 
mimor  whieh  picks  up  the  laser  beam  comming  back  from 
the  crystal,  the  analyzer  (in  Fig.  1  this  is  a  A/4  waveplate  / 
Wollaston  prism  combination),  and  fibers  which  bring  the 
laser  pulse  back  to  laser  room  where  the  detection  system  is 
located.  The  laser  beam  enters  and  leaves  the  vacuum  pipe 
through  the  same  window.  On  the  other  side  of  the  electron 
beam,  the  ZnTe  crystal  and  two  small  mirrors  are  mounted 
on  a  translation  stage. 

The  choice  of  the  material  and  size  of  the  crystal  de¬ 
pends  on  many  things.  The  phase  retardation  experienced 
by  the  probe  laser  passing  through  an  electro-optic  crys¬ 


tal  is  proportional  to  the  length  of  the  crystal,  the  electro¬ 
optic  coefficient  (of  the  order  of  pmA^)  and  the  local  elec¬ 
tric  field.  The  actual  expression  for  the  phase  retardation 
depends  on  the  orientation  of  the  crystal  with  respect  to 
the  direction  of  the  electric  field  and  the  polarization  of  the 
probe  laser,  and  can  be  found  in  literature  (see  e.g.  [6]). 
At  a  first  glance  the  ideal  crystal  would  be  a  long  crystal 
with  a  high  electro-optic  coefficient.  There  are  however  a 
few  limitations  due  to  absorption  and  dispersion  of  the  var¬ 
ious  frequency  components  of  the  electric  field  and  probe 


Figure  2:  Photograph  of  the  section  of  the  electron 
beampipe  containing  tbe  electro-optic  crystal  ZnTe.  A 
small  optical  table  is  attached  to  the  wall.  The  yellow  and 
red  lines  indicate  the  eleetron  beam  and  laser  beam,  respec¬ 
tively.  The  ZnTe  crystal  (in  green)  is  mounted  on  a  transla¬ 
tion  stage. 
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Figure  3;  Experimental  setup  of  the  electro-optic  “chirped  pulse  spectrometer  method”  for  measuring  single-shot  images 
of  the  electric  field  profiles  of  individual  electron  bunches. 


laser  in  the  crystal  (see  also  [7]).  In  ZnTe  the  velocity  of 
a  800  nm  probe  pulse  is  identical  to  that  of  the  2.3  THz 
frequency  component  of  the  electric  field;  other  frequency 
components  of  the  electric  field  have  different  velocities, 
which  means  that  the  measured  electric  field  profile  will 
be  distorted  if  the  erystal  is  too  long.  Absorptions  in  the 
crystal  lead  to  a  distortion  of  the  measured  beam  profile  as 
well;  ZnTe,  for  example,  has  a  strong  phonon  absorption  at 
5.3  THz,  limiting  the  temporal  resolution  to  about  200  fs. 
These  absorptions  can  be  modeled  and  it  has  been  shown 
that  ZnTe  crystals  can  be  used  to  measure  frequencies  up 
to  37  THz  [8].  Electro-optic  sampling  is  a  technique  which 
originates  from  THz-science,  and  many  details  of  this  tech¬ 
nique  (crystal  choice,  measurement  techniques,  modeling, 
etc.)  can  be  found  in  the  literature. 

DELAY-SCAN  METHOD 

The  probe  laser  for  the  “delay-scan  method”  is  a  fem¬ 
tosecond  TirSapphire  laser  (wavelength  800  nm,  pulse 
energy  5  nJ,  repetition  rate  100  MHz,  pulse  length  15 
fs)  which  is  actively  synchronized  to  the  accelerator  rf 
clock  [9]  (see  Figure  1).  The  delay  between  optical  pulses 
and  the  electron  bunches  (beam  energy  46  MeV,  bunch 
charge  200  pC,  micropulse  repetition  rate  25  MHz  or  1 
GHz,  bunch  length  ~1.5  ps)  can  be  varied  with  a  phase 
shifter.  This  rf-phase  shifter  can  sweep  the  probe  laser 


pulses  over  the  electron  bunches  with  a  rate  of  a  few  pi¬ 
coseconds  per  microsecond.  Since  there  is  an  electron 
bunch  every  1  or  40  ns  and  a  probe  pulse  every  10  ns,  this 
means  that  the  complete  electric  field  profile  is  measured  in 
a  few  microseconds.  This  delay-scan  method  can  therefore 
be  used  for  real-time  monitoring,  although  the  measured 
profile  is  sampled  from  a  few  hundred  individual  electron 
bunches.  A  balanced  detection  arrangement  was  used  in¬ 
stead  of  a  crossed-polarizer  detection  setup  in  order  to  in¬ 
crease  the  signal-to-noise  ratio.  Electric  field  profiles  of 
electron  bunches  with  a  FWHM  of  1.7  ps  have  been  mea¬ 
sured  by  limiting  the  delay-scan  to  about  10  ps  [2].  Longer 


time  [ps] 

Figure  4:  The  electric  field  profile  of  the  electron  bunch 
measured  at  the  entrance  of  the  undulator.  The  leading  edge 
is  on  the  left. 
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Figure  5:  Single-shot  measurement  of  the  electric  field  pro¬ 
file  of  an  individual  electron  hunch.  The  leading  edge  is  on 
the  right.  The  pulse  length  is  about  1.7  ps  FWHM.  The 
shaded  areas  indicate  the  regions  of  increased  noise  intro¬ 
duced  by  the  correction  for  the  wavelength  dependent  vari¬ 
ations  in  the  intensity  of  the  spectmm. 

delay  scans,  of  a  few  hundred  picoseconds,  have  been  made 
as  well;  these  electric  profiles  show  the  effects  of  wake 
fields  after  the  electron  bunch.  Figure  4  shows  a  typical 
measurement. 

CfflRPED  PULSE  SPECTROMETER 
METHOD 

The  probe  laser  for  the  “chirped-pulse  spectrometer 
method”  is  a  femtosecond  Ti:Sapphire  amplifier  (wave¬ 
length  800  nm,  pulse  energy  1  mJ,  repetition  rate  1  kHz, 
pulse  length  30  fs)  which  is  actively  synchronized  to  the 
accelerator  rf  clock  [10].  Laser  pulses  are  linearly  chirped 
in  an  optical  stretcher  [3].  The  length  of  the  pulse  can  easily 
be  varied  over  a  range  of  30  fs  to  20  ps  with  a  single  trans¬ 
lation  stage.  The  chirped  beam  leaving  the  beampipe  is 
split  into  a  signal  beam  and  a  reference  beam  that  is  used  to 
monitor  possible  laser  fluctuations  (see  Figure  3).  The  sig¬ 
nal  beam  passes  through  an  analyzer  (a  second  polarizer) 
which  is  (nearly)  crossed  with  respect  to  the  first  polarizer. 
Subsequently,  the  spectra  of  the  chirped  laser  pulses  are 
dispersed  with  a  grating  spectrometer  and  the  line  spectra 
are  focussed  onto  a  CCD  camera.  The  intensifier  in  front 
of  the  CCD  camera  acts  as  a  shutter  (minimum  gate  10  ns). 

Figure  5  shows  a  single  shot  image  of  the  electric  field 
profile  of  an  individual  electron  bunch  after  on-line  data 
processing  (details  on  the  data  processing  can  be  found  in 
Ref.  [3]).  By  increasing  the  chirp,  a  larger  time  window 
is  obtained,  which  allows  monitoring  of  the  electron  bunch 
and  wake  fields  (see  [3]). 

TEMPORAL  RESOLUTION 

The  time  resolution  of  the  two  electro-optic  methods  is 
determined  by: 

•  the  material  and  the  length  of  the  electro-optic  crys¬ 


tal.  The  cut  off  for  our  0.5  mm  crystal  is  around  350 
fs  [11];  thus  electron  bunches  shorter  than  350  fs  are 
broadened  and/or  distorted.  Higher  resolution  can  be 
obtained  with  a  thinner  crystal. 

•  the  distance  R  from  the  electron  beam  to  the  electro¬ 
optic  crystal,  Ata  «  2R/'rc  [12].  For  our  “delay-scan 
method”  this  is  Ata  «  400  fs  for  R^6  mm  and  7=90, 
and  for  our  “chirped-pulse  spectrometer  method”  this 
is  Atd  m  70  fs  for  J?=l  mm  and  7=90. 

•  the  length  of  the  probe  laser  pulse,  tq.  In  our  “delay- 
scan  method”  ro=15  fs.  For  the  “chirped-pulse  spec¬ 
trometer  method”  the  length  of  the  chirp  plays  a 
role  as  well.  For  bunch  lengths  shorter  than  (rorc)^/^ 
the  measured  profile  will  be  broadened  and/or  dis¬ 
torted  [13,  14].  In  our  case  to=30  fs  and  rc=4.48  ps, 
which  gives  {toTc)^^^  «370  fs  while  the  bunch  length 
is  « 1.5  ps.  The  broadening  is  expected  to  be  less  than 
100  fs. 

•  time  jitter  in  the  synchronization  of  the  probe  pulse 
to  the  electron  bunch.  In  our  case  50  fs  in  a  few 
microseconds,  on  longer  time  scales  400  fs.  In  the 
single-shot  measurement  in  Figure  5  time-jitter  can  be 
neglected  since  the  profile  has  been  recorded  in  about 
10  ps  (more  about  the  synchronization  can  be  found 
below). 

•  resolution  of  the  spectrometer  and  diode  array  in  the 
case  of  the  “chirped-pulse  spectrometer  method”.  In 
our  case  this  was  about  300  fs.  This  can  easily  be 
improved  by  using  a  better  spectrometer  with  a  larger 
diode  array. 

SYNCHRONIZATION 

For  the  study  of  very  short  electron  bunches,  the  syn¬ 
chronization  between  the  electron  bunches  and  the  probe 
laser  pulses  becomes  more  important.  For  the  “delay-scan 
method”  this  is  obvious,  since  time-jitter  gives  a  broaden¬ 
ing  of  the  observed  electric  field  profile.  But  also  for  the 
single-shot  “chirped-pulse  spectrometer  method”  the  time- 
jitter  is  of  great  concern,  although  it  does  not  give  rise  to 
a  broadening  of  the  profile.  Let  us  consider  an  example: 
suppose  we  have  an  electron  bunch  of  100  fs,  a  very  high 
resolution-spectrometer/diode  array  combination,  a  very 
thin  ZnTe  crystal  and  a  short  distance  between  electron 
beam  and  crystal.  With  a  15  fs  laser,  a  time-window  of 
about  170  fs  is  needed  (thus  «50  fs).  If  the  jitter 

in  the  synchronization  is  on  the  order  of  100  fs,  the  electric 
field  profile  would  frequently  lie  partially  outside  the  time 
window. 

In  our  case  the  jitter  is  about  50  fs  on  a  microsecond 
time  scale,  but  400  fs  on  a  longer  time  scale.  This  jitter  has 
been  measured  by  cross  correlating  the  FEL  output  with  the 
optical  pulse  (see  Ref.  [9];  and  qualitatively  confirmed  by 
our  electron  bunch  experiments).  An  interesting  question 
is  where  the  dominant  part  of  the  jitter  is  originating  from. 
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since  both  the  laser  and  the  electron  bunches  (and  thus  the 
PEL  radiation)  are  locked  to  same  the  rf-clock.  Most  prob¬ 
ably,  the  jitter  is  caused  by  fluctuations  in  the  voltage  of  the 
power  supply  feeding  the  klystron. 

Synchronization  of  a  modelocked  TiiSapphire  laser, 
which  is  used  to  drive  a  photocathode,  to  a  3  GHz  RF  oscil¬ 
lator  with  a  jitter  of  less  than  29  fs  has  been  reported  [15]. 
But  how  well  do  the  electron  bunches  remain  synchronized 
to  the  laser  after  they  have  passed  devices  such  as  bunchers 
and  accelerators? 

FUTURE 

It  has  been  shown  experimentally,  by  Jamison  et  al.  [14], 
in  the  “chirped  pulse  spectrometer”  detection  of  so-called 
optical  half  cycle  pulses,  that  the  measured  profile  is  dis¬ 
torted  and  broadened  when  the  duration  of  the  electric  field 
is  larger  than  (toTc)^/^.  This  effect  is  caused  by  interfer¬ 
ence  between  spectral  components  of  the  modulation  (in¬ 
duced  by  the  electric  field)  and  the  spectral  components  of 
the  chirped  pulse  [13, 14].  A  way  to  circumvent  these  prob¬ 
lems  is  to  measure  the  chirped  pulse  in  the  time-domain, 
which  can  be  done  with  a  (single-shot)  cross-correlator. 

At  the  moment  of  writing  this  contribution,  the  first  test 
measurements  have  been  performed  with  a  “chirped  pulse 
cross-correlator”  set-up  at  FELIX  although  we  have  not  yet 
obtained  a  single  shot  cross-correlation  measurement  of  the 
electron  bunch.  It  is  clear  that  the  optical  alignment  of  a 
cross-correlator  is  more  complex  than  the  alignment  of  a 
spectrometer.  Other  related  methods  have  been  proposed 
such  as  auto-correlation  and  Frequency  Resolved  Optical 
Gating  (FROG)  measurements  [16]. 

CONCLUSION 

Electro-optic  sampling  of  the  Coulomb  field  of  the  elec¬ 
tron  bunch  is  a  promising  method  for  real-time  monitor¬ 
ing  of  the  electron  bunches.  The  method  is  non-destmctive 
(it  does  not  intercept  the  electron  beam)  and  non-intrusive 
(although  it  is  expected  that  the  modification  of  the  beam¬ 
line  will  slightly  influence  beam  properties,  this  has  not 
yet  been  investigated  in  detail).  At  FELIX  we  have  mea¬ 
sured  the  length  and  shape  of  individual  relativistic  electron 
bunches  with  a  subpicosond  time  resolution. 
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Abstract 

During  the  RHIC  2000  run  a  prototype  PLL  tune 
measurement  system  was  implemented  using  commercial 
off-the-shelf  hardware.  To  meet  the  requirements  for  tune 
feedback  during  RHIC  2001/2002,  this  system  was 
migrated  into  RHIC  BPM  modules,  whose  flexible 
DSP/FPGA  architecture  permitted  the  specialized 
processing  needed  for  tune  tracking  and  feedback  during 
acceleration,  and  whose  existing  firewire  interface 
provided  communication  with  the  Control  System.  For 
RHIC  2003  this  system  has  migrated  yet  again,  to  state- 
of-the-art  DSPs  in  VME.  We  report  here  on  various 
improvements,  extending  from  the  pickup  through  the 
analog  electronics  and  digital  processing  into  the  Controls 
interface,  and  on  the  performance  gains  that  resulted  from 
these  improvements. 

SYSTEM  OVERVIEW 

Our  approach  to  PLL  tune  measurement  has  been 
described  in  some  detail  in  earlier  papers[l,2].  Here  the 
focus  is  on  giving  a  brief  overview  of  the  present  system, 
with  some  discussion  of  improvements,  followed  by  a 
presentation  of  measurement  results.  Finally  we  discuss 
outstanding  problems  with  this  system  and  their  possible 
solutions. 

Description 

A  block  diagram  of  the  system  is  shown  in  figure  1.  The 
system  is  driven  by  a  28MHz  low-level  RF  signal  piped  in 
on  heliax  from  the  RF  to  the  Instrumentation  control 


rooms.  This  si^al  clocks  a  custom  numerically  controlled 
oscillator,  which  together  with  the  Pentek  DSPs  sits  in 
VME.  All  fi-equencies  in  the  tune  system  are  thus 
synchronous  with  the  beam.  The  NCO  output  goes  thru  a 
chain  of  multipliers  and  dividers  to  provide  the  local 
oscillator  for  the  mixers,  the  455KHz  IF,  and  the 
4x455KHz  I/Q  demodulation  clock  for  the  digitizer.  The 
mixers  are  suppressed  carrier  single  sideband  modulators. 
The  245MHz  output  on  the  excitation  side  is  highpass 
filtered  before  entering  a  lOW  class  A  amplifier,  which 
drives  the  25cm  long  50  ohm  kicker  striplines  through  a 
difference  hybrid  and  about  100m  of  heliax  into  the 
tunnel.  During  normal  operation  kicker  power  is  typically 
in  the  milliwatt  range.  The  kicker  excitation  travels  with 
the  beam  through  the  betatron-tune-dependent  phase  shift 
between  the  kicker  and  the  resonant  pickup[3].  The  output 
from  the  pickup  is  passed  thru  hi-Q  cavity  bandpass 
filters,  boosted  by  30dB,  and  again  transported  via  100m 
of  heliax  to  the  mixer,  whose  output  is  again  at  455KHz. 
By  including  the  betatron  frequency  in  the  local  oscillator 
for  up  and  down  conversion,  the  tune  signal  is  always  at 
this  455KHz  frequency  and  the  need  for  a  tracking  filter 
at  the  input  to  the  digitizer  is  eliminated.  A  3KHz 
bandwidth  ceramic  filter  removes  the  dominant  difference 
signal  at  the  revolution  line  before  the  120dB  variable 
gain  amplifier  chain  that  precedes  the  digitizer. 

After  digitizing  the  amplitude  and  phase  streams  of  the 
I/Q  demodulated  data  are  low-pass  decimated,  first  by 
890Hz  averaging  filters,  then  by  40Hz  HR  filters.  The 
phase  information  is  used  by  a  PID  algorithm  to  control 
the  NCO  frequency  and  track  the  tune.  The  amplitude 
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information  is  used  to  adjust  the  kicker  power, 
compensating  for  variations  in  the  beam  transfer  function 
portion  of  the  loop  gain.  Overall  system  control  is 
accomplished  via  a  Lab  VIEW  user  interface. 

Improvements 

Several  improvements  have  been  incorporated  into  the 
present  tune  measurement  system; 

•  the  kicker  and  pickup  were  moved  to  locations 
with  larger  beta,  resulting  in  ~6dB  of  improvement 
inS/N 

•  the  Im  long  kicker  was  replaced  with  a  25cm  long 
kicker,  resulting  in  significantly  improved  beam 
excitation  at  245MHz 

•  digitizer  frequency  has  been  increased,  resulting  in 
~7dB  of  processing  gain 

•  the  455KHz  ceramic  filter  diminished  amplifier 
saturation  problems  and  increased  the  number  of 
effective  digitizer  bits 

•  the  40Hz  digital  lowpass  filter  reduced  noise 
bandwidth,  giving  ~20dB  improvement  in  S/N 

•  horizontal  and  vertical  planes  were  driven  at 
different  revolution  line  harmonics,  diminishig 
the  effects  of  coupling  and  tune  crossing 

With  these  improvements  performance  was 
significantly  enhanced  in  comparison  with  the  previously 
described  system. 

MEASUREMENT  RESULTS 

Tune  Tracking  during  Ramping 

Figure  2  shows  data  from  a  six  bunch  Deuteron 
acceleration  ramp  during  the  commissioning  phase  of  the 
RHIC2003  run.  The  ramp  starts  at  the  left  side  of  the 
figure.  The  right  vertical  scale  is  beam  current,  ud 
applies  to  the  trace  that  begins  in  the  upper  left  comer  of 
the  figure.  The  left  vertical  scale  is  fractional  tune.  The 
continuous  traces  are  PLL  data,  and  the  dots  are  kicked 
tune  measurements.  The  tunes  have  large  excursions  and 
cross  at  transition,  as  a  result  of  the  beam  being  off  center 
in  the  fast  transition  quadrapoles.  Agreement  between 
PLL  and  kicked  tunes  is  reasonably  good,  although  the 


kicked  tune  measurement  often  has  difficulty  in 
discriminating  between  horizontal  and  vertical  planes, 
probably  due  to  a  combination  of  coupling  and  beta 
functions  at  the  pickup.  Coupling  also  introduces  error  in 
the  PLL  tune  measurement  due  to  spurious  phase  leaking 
from  the  opposite  plane.  There  was  a  IHz  200p  radius 
modulation  during  this  ramp  to  permit  chromaticity 
measurement.  The  large  width  of  the  PLL  line  at  various 
times  during  the  ramp  is  from  large  chromaticity. 

Tune  Feedback 

Figure  3  shows  data  from  a  six  bunch  Deuteron  ramp 
with  tune  feedback[4].  Beam  loss  early  in  the  ramp 
coincided  with  large  tune  fluctuation  in  the  vertical  plane, 
at  a  frequency  of  ~4Hz.  Smaller  fluctuations  are  visible 
late  in  the  ramp  in  both  planes,  and  in  the  horizontal  plane 
after  transition,  and  suggest  that  the  tune  feedback  loop 
was  close  to  the  stability  limit.  Amplitude  feedback  on 
kicker  power  was  not  enabled  for  this  ramp.  Kicked  tune 
data  indicates  that  tunes  were  regulated  at  the  level  of 
.001  for  a  good  portion  of  the  ramp. 


Fig.  3(color):  Tune  feedback 
Figure  4  shows  amplitude  and  phase  data  from  the  same 
ramp.  The  vertical  scale  is  digitizer  counts,  which  range 
between  +/-  8192  with  our  14  bit  digitizers.  The  effects  of 
transition  and  beam  steering  are  clearly  visible  in  this 


Fig.  2(color):  Ramp  Tunes 


Fig.  4(color):  Amplitude  and  Phase 
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figure,  and  will  be  discussed  in  more  detail  in  the 
following  section.  It  is  interesting  to  note  that  shortly 
before  transition  the  phase  of  the  horizontal  PLL  jumped 
180  degrees,  and  from  that  time  on  the  loop  would  have 
been  unstable  if  the  gain  approached  unity. 

Other  Applications 

The  PLL  has  been  employed  in  a  variety  of  accelerator 
physics  applications,  including  measurement  and 
correction  of  non-linearities[5],  chromaticity[6],  and 
coupling[7],  and  measurement  of  beam-beam  efFects[8] 
and  cryostat  vibrations.  A  new  technique[9]  of  coupling 
measurement  was  also  investigated.  Figure  5  shows  data 
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Fig.  5  Coupling  Measurement 
taken  when  two  skew  quad  families  were  modulated  at 
2Hz  and  180  degrees  of  relative  phase.  The  upper  right 
panel  shows  a  brief  time  history  of  order  lO"^  tune 
fluctuations.  The  lower  right  panel  shows  the  FFT  of  the 
tune  history.  The  energy  at  4Hz  appears  as  a  result  of 
coupling,  and  the  amount  of  coupling  can  be  calculated 
fi-om  the  relative  magnitudes  of  the  2Hz  and  4Hz  lines. 

OUTSTANDING  PROBLEMS 

Preamp  Saturation 

Beam  offset  in  the  pickup  drives  the  difference  mode  at 
the  revolution  harmonics,  with  amplitudes  that  can  exceed 
the  signal  by  ~60dB  for  offsets  of  a  few  mm.  The 
problem  is  severe  near  transition,  where  bunch  shortening 
extends  the  coherent  spectrum  of  the  28MHz  bunched 
beam  up  to  the  245MHz  pickup  frequency,  and  where 
there  are  sudden  large  position  and  tune  shifts  due  to 
firing  of  the  transition  quadrupoles.  In  addition,  vertical 
IR  bumps  to  minimize  beam-beam  effects  during  ramping 
are  often  not  closed,  and  result  in  changing  beam  position 
at  the  PLL  pickup.  As  the  preamps  saturate  the  noise  floor 
comes  up  and  the  tune  signal  amplitude  is  diminished. 
These  effects  are  visible  in  fig.  4  in  both  planes  near 
transition,  and  in  the  vertical  from  transition  to  flattop.  A 
servo  on  pickup  position  helps  with  slow  position 
changes,  but  further  measures  are  required  for  fast 
changes  at  transition.  We  continue  to  study  methods  of 
fast  electronic  compensation. 


Coupling 

While  separating  horizontal  and  vertical  excitations  in 
either  or  both  time  and  fi-equency  domains  offers  some 
relief,  inevitably  spurious  phase  from  coupling  comes 
through  the  beam,  and  can  probably  only  be  dealt  with  by 
minimizing  coupling  and  maximizing  tune  separation. 
Chromaticity  Variations 
Beam  studies  of  the  effect  of  chromaticity  on  PLL  tune 
measurement  were  performed.  Chromaticity  was  varied 
over  a  large  range  (from  ~3  to  ~19)  while  observing  the 
effect  on  PLL  amplitude  and  phase  signals.  The  effect  was 
surprisingly  small,  for  reasons  that  are  not  yet  rmderstood. 
The  conclusion  has  been  that  chromaticity  control  is 
probably  not  an  issue  for  PLL  operation. 

Phase  Compensation  during  Ramps 
Several  hundred  meters  of  heliax  carry  245MHz  signals 
to  and  from  the  PLL  pickups.  During  ramping  the 
resulting  phase  shifts  can  be  as  great  as  -700  degrees,  and 
must  be  digitally  compensated  to  within  -10  degrees.  In 
theory  this  should  be  straightforward,  but  in  practice 
anomalous  phase  shifts  are  observed  and  have  not  been 
understood.  This  causes  phase  compensation  to  be  an 
often  painful  trail-and-error  process.  The  planned  solution 
is  to  move  the  mixers  into  the  tunnel. 

Emittance  Growth 

Measurable  emittance  growth  results  from  kicker  power 
of  -IW.  At  kicker  powers  below  ~20mW  there  is  no 
measurable  emittance  growth  during  ramping  or  store. 
PID  Loop  Tuning 

Loop  gain  is  constrained  by  the  fact  that  tune  dither 
must  be  less  than  -.001  to  minimize  beam  loss  during 
tune  feedback,  rendering  typical  PID  tuning  algorithms 
inapplicable.  We  are  exploring  alternative  tuning 
algorithms,  and  alternatives  to  the  PID  control  algorithm. 

CONCLUSION 

Tune  feedback  has  been  repeatedly  demonstrated. 
Evolution  to  a  true  operational  system  continues. 
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Abstract 

We  present  a  self-consistent  method  for  analyzing 
measured  emittance  data  that  yields  unbiased  estimates 
for  the  rms  emittance  as  well  as  its  associated  uncertainty. 
The  self-consistent,  tmbiased  elliptical  exclusion  analysis, 
SCUBEEx,  uses  an  exclusion  ellipse  to  determine  the  bias 
from  the  data  outside  the  ellipse,  before  calculating  the 
emittance  from  the  bias-subtracted  data  within  the  ellipse. 
Variations  of  the  ellipse  size,  shape,  and  orientation  allow 
for  objectively  estimating  the  bias  and  the  rms  emittance. 


All  these  terms  are  well  defined  and  can  be  evaluated 
without  any  problems  as  long  as  c(x,x’)  is  well  defined, 
for  example  in  simulation  data.  Problems  can  arise  when 
evaluating  measured  emittance  data,  because  they  contain 
noise  and  typically  a  small  bias.  These  problems  are 
normally  avoided  by  excluding  most  of  the  background 
data  through  a  threshold  or  through  exclusion  boimdaries, 
although  those  methods  can  bias  the  results  [2].  We 
present  a  method  that  systematically  minimizes  the  net 
contributions  from  the  background  and  self-consistently 
estimates  the  rms  emittance  and  its  uncertainty  [3]. 


INTRODUCTION 

The  emittance  of  a  particle  beam  is  the  six-dimensional 
distribution  of  all  position  coordinates  along  the  three 
configuration  space  directions  and  their  associated 
velocity  coordinates.  Projecting  it  into  the  two- 
dimensional  planes,  {x-x’},  {y-y’},  and  {z-z’}, 

respectively,  reduces  the  emittance  into  three  subsets.  The 
description  can  be  further  reduced  to  the  fractional  area 
emittance,  describing  the  area  in  either  two-dimensional 
subset  occupied  by  a  fraction  of  the  particle  beam,  which 
obviously  is  a  function  of  the  fraction  value. 

The  description  of  the  typical  spread  of  the  distribution 
with  one  single  value  was  accomplished  with  the 

introduction  of  the  root-mean-square  emittance  [1].  Based 
on  the  quantity  of  particles  c(x,x’)  passing  through  the 
position  coordinate  x  with  a  velocity  component  x’,  the 
rms  emittance  is  defined  as 

E  =  with 

:^c(x,x')  J^x'^c(x,x’ 

c{x,x')  •  2^(x,x')  . 

and  (xx ')  =  — 7 - ^ . 

^  '  Tc{x,x') 

all 

The  emittance  often  is  given  normalized  to  the  particle 
velocity  v  and  the  speed  of  light  c:  e„orm=E-v-(c^-y^)'’^^,  a 
factor  of  0.01 18  for  our  65  kV  H'beam. 

Usually  all  coordinates  are  measured  from  the  center  of 
the  particle  distribution,  which  is  accomplished  by 

translating  x  and  x’  so  that  their  first  moments  become 
zero.  These  translations  minimize  the  rms  emittance.  The 
orientation  and  aspect  ratio  of  the  rms  emittance  ellipse 
are  described  by  the  Twiss  parameters,  namely, 

«=_M,  ^  =  ,and  . 

£  e  £ 


EMITTANCE  MEASUREMENTS 

Emittance  measurements  are  in  most  cases  double-slit 
experiments  where  the  first  slit  samples  a  small  fraction  of 
the  particle  beam.  The  sampled  beam  spreads  out  before  it 
is  intercepted  by  the  second  slit  to  determine  the 
associated  transverse  velocity  distributions.  When  both 
slits  are  centered  on  the  beam  they  record  only  a  small 
fraction  of  the  total  particle  flux,  typically  1%.  This 
fraction  can  drop  to  the  10^  range  when  measuring  the 
beam  wings  outside  the  beam  core.  Going  further  away 
from  the  beam  core,  one  may  find  even  smaller  particle 
fluxes,  the  halo,  until  the  flux  gradually  fades  away  and 
one  measures  pure  background. 

We  describe  the  pure  background  with  two  components: 
the  noise  and  the  bias.  The  noise  describes  the  local, 
quasi-random  variations  with  a  zero  average.  The  bias 
describes  the  mean  value,  which  is  constant,  at  least 
locally.  In  principle  the  bias  might  vary  gradually  as  a 
function  of  the  position  and  velocity  coordinates. 
However,  we  restrict  this  paper  to  uniform  biases,  as  the 
presented  background  data  do  not  exhibit  any  significant 
position  or  velocity  dependence. 

In  the  absence  of  an  actual  particle  flux  and  a  bias,  one 
observes  pure  background  noise,  characterized  by  about 
the  same  number  of  small  positive  and  small  negative 
signals.  We  define  positive  as  having  the  same  polarity  as 
the  output  when  measuring  the  beam  core,  while  negative 
refers  to  the  opposite  polarity.  A  positive  bias  can  be 
recognized  by  a  dominance  of  positive  signals,  whereas  a 
negative  bias  by  a  dominance  of  negative  signals. 

Figure  1  shows  measured  emittance  data  as  a  density 
plot  versus  position  x  and  velocity  component  x’.  The 
large  signals  measured  from  the  beam  core  occupy  an 
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Figure  1:  Emittance  data  from  an  expanding  beam. 

ellipse-like  area  with  a  diagonal  orientation  indicating  an 
expanding  beam.  This  colored  structure  is  surrounded  by 
a  narrow  zone  of  small,  exclusively  positive  signals 
indicated  in  purple.  Only  further  away  from  the  beam  core 
appear  negative  signals  indicated  in  blue.  Roughly  2/3  of 
the  plotted  area  is  consistent  with  pure  background  noise. 

Applying  the  previously  given  formulas  to  all  data 
yields  a=-4.11,  p=2.27,  and  y=  7.88.  For  the  rms 
emittance,  one  obtains  8=17.2  mm  mrad,  which  is  the 
product  of  the  two  half  axes  of  the  rms  emittance  ellipse. 
Use  of  the  half-axis  product  (HAP)  with  the  dimension  of 
mm  mrad  is  consistent  with  the  emittance  definition.  We 
avoid  the  confusing  n  written  as  a  part  of  the  unit  when  it 
is  supposed  to  be  the  multiplier  for  calculating  the  area. 


m  7  .5  -9 
m  6  -  7  .6 
H  4  .5-6 
L_J  3  -4  .5 
m 1  .5-3 
iza  0  - 1  .5 
a  -2  -0 


THRESHOLD  ANALYSIS 

Applying  a  threshold  commonly  means  that  all  values 
of  a  distribution  above  the  threshold  remain  unchanged 
while  all  values  below  the  threshold  are  set  to  zero  before 
summing  over  all  data. 

Figure  2  shows  the  rms  emittance  estimated  by 
applying  a  threshold  to  the  data  shown  in  figure  1  as  a 
function  of  the  threshold  value.  These  thresholds,  like  all 
other  values  related  to  the  measured  signals,  are  quoted  in 
percent  of  the  maximum  measured  particle  flux. 

Some  analysis  codes  exclude  the  negative  signals  from 
the  emittance  evaluations  because  they  try  to  avoid  having 
to  deal  with  the  “unphysical“  reversed  polarity.  This  is 
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Figure  2:  RMS  emittance  as  a  function  of  threshold 
applied  to  the  data  from  figure  1  (solid  line).  The  dotted 
and  dashed  lines  show  the  emittance  of  the  same  data 
after  adding  to  (dotted  line)  or  subtracting  from  (dashed 
line)  all  data  a  bias  of  0.005%. 


equivalent  to  setting  a  threshold  at  0%,  which 
overestimates  the  rms  emittance  as  203.4  mm-mrad.  This 
grossly  inflated  value  is  caused  by  large  contributions 
from  the  positive  noise  signals  found  at  large  x  and  x’ 
values. 

To  reduce  such  inflated  values,  most  involved  analysts 
increase  the  threshold  to  exclude  all  background  data, 
often  to  a  point  where  the  emittance  estimate  no  longer 
changes  with  small  threshold  changes.  Figure  2,  for 
example,  shows  the  slope  to  change  sevenfold  at  +6%, 
resulting  in  an  rms  emittance  estimate  of  12.2  mm-mrad. 

There  is,  however,  no  absolute  need  to  exclude  the 
negative  signals.  On  the  contrary,  their  contributions 
compensate  the  contributions  from  the  positive  noise 
signals  as  one  can  see  in  Figure  2.  When  the  threshold  is 
set  to  -8%,  which  includes  all  data,  the  rms  emittance  is 
estimated  at  17.2  mm-mrad,  as  previously  found. 

However,  adding  only  a  0.005%  bias  to  the  data  shown 
in  Figure  1  increases  the  unthresholded  rms  emittance 
estimate  to  23.9  mm-mrad,  while  subtracting  a  0.005% 
bias  reduces  it  to  4.6  mm-mrad,  a  factor  of  5  difference 
caused  by  a  small  bias  change  of  0.01%.  This  severe 
sensitivity  is  caused  by  the  large  amount  of  background 
data  in  our  example,  especially  those  with  large  x  and  x’ 
values.  It  causes  rms  emittance  estimates  from 
unthresholded  data  to  be  imreliable  because  small  biases 
are  not  uncommon,  and  often  unnoticed. 

ELLIPTICAL  EXCLUSION  ANALYSIS 

The  reliability  of  rms  emittance  estimates  can  be 
improved  by  excluding  pure  background  data,  especially 
those  located  far  from  the  core  of  the  beam.  The  most 
reliable  estimates  are  obtained  when  the  exclusion 
boundary  surrounds  the  data  tightly  without  excluding  any 
real  signal.  This  task  is  difficult  because  some  of  the  real 
signals  are  normally  hidden  in  the  noise.  However,  the 
absence  of  any  significant  net  signal  can  be  ascertained  if 
one  can  vary  the  size  of  the  exclusion  area  over  a 
significant  range  without  significantly  changing  the  rms 
emittance  estimate.  Ellipses  are  best  suited  to  conform 
tightly  to  typical  emittance  data.  To  demonstrate  the 
elliptical  exclusion  analysis,  we  select  as  ellipse 
parameters  the  Twiss  parameters  a  and  p  calculated  from 
the  data  in  Figure  1  after  thresholding  them  at  10%  to 
exclude  all  background  signals. 


Fi^e  3:  Normalized  rms  emittance  estimates  as  a 
function  of  the  exclusion  ellipse  HAP  for  the  data  of 
figure  1  (solid  line),  and  after  adding  to  (dotted  line)  or 
subtracting  from  (dashed  line)  all  data  a  0.05%  bias. 
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The  rms  emittance  estimates  in  Figure  3  vary  wildly  for 
large  exclusion  ellipses  due  to  the  same  reasons  why 
unthresholded  estimates  are  unreliable.  Shrinking  the 
exclusion  ellipse  reduces  these  fluctuations  until  the  solid 
line  in  Figure  3  forms  a  plateau  below  2000  mm-mrad. 
Below  250  mm-mrad,  the  estimates  start  to  fall  off 
because  one  starts  excluding  data  from  real  particle  flux. 
The  estimates,  however,  are  sensitive  to  small  biases  as 
one  can  see  from  the  two  curves  representing  a  +0.05% 
bias  (dotted)  and  a  -0.05%  bias  (dashed),  indicating  the 
need  for  a  thorough  bias  analysis. 

SELF-CONSISTENT  BIAS  ESTIMATION 

Figure  4  shows  the  average  of  the  signals  measured 
outside  the  exclusion  ellipse.  Large  ellipses  yield  large 
fluctuations  because  of  the  granularity  of  the  few  data 
found  outside,  e.g.,  only  11%  of  the  data  are  outside 
10,000  mm-mrad.  More  reliable  bias  estimates  can  be 
obtained  for  ellipses  smaller  than  3000  mm-mrad 
excluding  more  than  2/3  of  the  data. 
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Figure  4:  Average  current  signal  outside  the  exclusion 
ellipse  as  a  function  of  its  HAP. 

SELF-CONSISTENT  UNBIASED 
ELLIPTICAL  EXCLUSION  ANALYSIS 

The  self-consistently  determined  bias  needs  to  be 
subtracted  from  the  raw  data  to  counteract  the  sensitivity 
observed  in  the  elliptical  exclusion  analysis.  The  top  of 
Figure  5  shows  the  average  of  the  current  signals  outside 
exclusion  ellipses.  The  averages  are  fairly  constant 
between  250  and  3000  mm-mrad,  consistent  with  a  bias  of 
-0.008%  +0.01%. 

The  bottom  of  Figure  5  shows  the  rms  emittance 


(bottom)  normalized  rms  emittance  estimated  from  the 
data  inside  the  exclusion  ellipse  after  subtracting  the 
corresponding  average  outside  current  as  a  function  of  the 
exclusion  ellipse  HAP. 


Figure  6:  (Top)  Average  outside  current  and  (bottom) 
normalized  rms  emittance  of  the  bias  subtracted  data 
within  the  ellipse  for  three  different  exclusion  ellipse  sets. 

the  average  current  signal  found  outside  the  ellipse.  The 
fluctuations  caused  by  the  noise  clearly  penetrate  into  the 
plateau.  Even  so,  between  250  and  1400  mm-mrad  the 
normalized  rms  emittance  stays  within  0.20  +0.02 
mm-mrad,  consistent  with  a  plateau. 

Figure  6  is  identical  to  Figure  5  except  that  the  aspect 
ratio  and  orientation  of  the  exclusion  ellipse  was 
determined  from  the  data  in  Figure  1  after  thresholding 
them  at  5%  (dotted),  20%  (solid),  and  90%  (dashed).  The 
figure  shows  that  the  dashed  line  requires  a  larger  ellipse 
before  the  estimates  reach  the  plateau,  caused  by  a 
slightly  different  orientation  of  the  ellipse  determined 
from  the  10%  most  intense  measured  signals.  A  threshold 
of  5%  includes  some  noise  leading  to  a  less  excentric 
ellipse  and  thus  compresses  the  scale  of  Figure  5. 
However,  Figure  6  shows  that  all  evaluations  are 
consistent  with  a  bias  of  0.008  ±0.01  and  a  normalized 
rms  emittance  of  0.20  +0.02  mm-mrad. 

CONCLUSIONS 

With  the  robustness  demonstrated  we  estimate  with 
confidence  the  normalized  rms  emittance  in  our  example 
at  0.20  +0.02  mm-narad.  By  chance,  this  is  very  close  to 
the  unnormalized  17  mm-mrad  found  earlier  as  the 
unthresholded  estimate.  It  is,  however,  significantly  larger 
than  the  estimate  established  through  thresholding,  which 
shows  that  thresholding  is  likely  to  exclude  real  signals 
from  the  wings  and  halo  of  the  particle  flux  distribution. 
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Abstract 

We  have  designed  and  constructed  a  non-destructive 
and  real-time  beam  profile  monitor  in  the  KEK-ATF 
damping  ring  to  measure  the  extremely  small  electron- 
beam  size.  The  monitor  has  a  microscopic  structure 
where  two  Fresnel  zone  plates  (FZPs)  constitute  an  x-ray 
imaging  optics.  In  the  monitor  system,  synchrotron 
radiation  from  an  electron  beam  is  monochromatized  by  a 
silicon  crystal  and  the  transverse  electron-beam  image  is 
twenty-times  magnified  by  the  two  FZP  and  detected  on 
the  x-ray  CCD  camera.  With  this  monitor,  we  have 
succeeded  in  obtaining  a  clear  electron-beam  image  and 
measuring  the  electron-beam  size  less  than  10  pm.  The 
measured  magnification  of  the  imaging  optics  was  in 
good  agreement  with  the  design  value. 

INTRODUCTION 

A  beam  profile  monitor  with  an  x-ray  imaging  optics 
for  synchrotron  radiation  (SR)  is  expected  to  measure  the 
electron-beam  size  with  a  high  spatial  resolution  in  a  non¬ 
destructive  manner.  Fresnel  zone  plates  (FZPs)  begin  to 
be  used  as  x-ray  imaging  lenses  with  advance  of  x-ray 
mask  fabrication  technologies.  The  spatial  resolution, 
which  depends  on  the  outermost-zone  width  of  FZPs,  is 
capable  of  being  less  than  100  nm.  A  real-time  beam 
profile  monitor  based  on  FZPs  was  already  proposed  and 
designed  for  the  Super-SOR  light  source  [1].  We  have 
recently  constmcted  the  same  type  of  beam  profile 
monitor  in  the  KEK-ATF  damping  ring  [2]  with  a  natural 
emittance  of  about  1  nm  to  study  the  feasibility  of  the 
monitor.  In  this  paper,  the  new  beam  profile  monitor 
using  FZPs  and  the  results  of  the  beam  size  measurement 
will  be  presented. 

IMAGING  OPTICS 

The  x-ray  imaging  optics  of  the  beam  profile  monitor 
consists  of  two  FZPs,  the  condenser  zone  plate  (CZP)  and 
the  micro  zone  plate  (MZP),  and  it  has  a  microscopic 
structure,  as  shown  in  Fig.  1.  The  magnification  M  of  the 
imaging  optics  is  given  by  M=  Mczp  M^zp,  where  Mczp 
and  Mmzp  are  the  magnifications  of  the  CZP  and  MZP. 

The  spatial  resolution  of  the  CZP,  5<:zp>  is  given  by 

^czp  ~  i-22  Ar^  P  =  0.61  .  (1) 

Here,/,-  is  the  focal  length  of  the  CZP  for  the  wavelength 
A  and  and  Ar^c  are  the  radius  and  the  width  of  the 
outermost  zone  of  the  CZP.  The  spatial  resolution  of  the 


MZP.  8mzp,  is  similarly  expressed.  The  spatial  resolution 
of  each  FZP  corresponds  to  the  distance  between  the 
center  and  first-zero  positions  of  the  diffraction  pattern. 
The  spatial  resolution  at  the  SR  source  point,  Sq,  is  given 
by 

8o=8czpIMczp=0.6\ 


^N.C^CZP 


This  is  equal  to  the  spatial  resolution  of  the  imaging 
optics  if  the  condition  of  Sczj.  >  S^zp  IM^zp  is  satisfied. 

The  radius  of  the  CZP,  should  be  LaCSspor  less  so 
that  the  SR  uniformly  irradiates  the  CZP.  Here  La  and 
o-jR  are  the  distance  from  the  source  point  to  the  CZP  and 
the  SR  angular  divergence.  On  the  condition  of  = 
^c/t’sR.  Ihe  spatial  resolution  Sg  [pm]  is  approximately 
expressed  by  the  following  equation: 

“  1  +  AfczP  ’ 


where  E,  [GeV],  s,  [keV]  and  epA[keV]  are  the  electron 
beam  energy,  the  critical  photon  energy  and  the  photon 
energy  corresponding  to  the  wavelength  A.  The  critical 
photon  energy  [keV]  and  the  SR  angular  divergence  Orr 
[rad]  from  a  bending  magnet  (BM)  is  given  by 

=  0.665  e/b 


£Trr  =  0.289x10-’  , 


where  S[T]  is  the  magnetic  field  at  the  BM.  Here  the 
angular  divergence  of  the  electron  beam  is  assumed  to  be 
negligibly  small  as  compared  with  that  of  the  photon. 


Light  Source 

i  _ 


Imaged  Object 

-- _ i 


hti  ' 


Figure  1 :  Imaging  optics  of  the  beam  profile  monitor. 

MONITOR  SYSTEM 

Figure  2  shows  the  layout  of  the  beam  profile  monitor 
system,  which  extracts  the  SR  from  the  BM  in  the  KEK- 
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ATF  damping  ring.  The  magnetic  field  of  the  BM  is 
0.748  T  for£'j=  1.28  GeV  and  the  critical  photon  energy 
is  0.816  keV.  This  system  mainly  consists  of  a  Si  crystd 
monochromator,  two  FZPs  (CZP  and  MZP)  and  an  x-ray 
CCD  camera.  The  specifications  of  the  optical  elements 
are  summarized  in  Table  1. 


Figure  2:  Layout  of  the  beam  profile  monitor  system. 
Table  1.  Specifications  of  optical  elements 


Fresnel  zone  plate 

CZP 

MZP 

Total  number  of  zones 

6444 

146 

Radius 

1.5(1. 26")  mm 

37.3  pm 

Outermost  zone  width 

116  (138*')  nm 

128  nm 

Focal  length 

0.91  m 

24.9  mm 

Magnification 

Af^p=0. 1 

Monochromator 

Spectral  resolution 

5.6  X  10’ 

Crystal  lattice  plane 

Si(220) 

Lattice  spacing 

0.192  nm 

Bragg  angle  0„ 

86.35' 

D 

X-ray  CCD  camera 

Quantum  efficiency 

>  90  %  @  3.235keV 

Effective  area 

12.29  X  12.29  mm 

No.  of  pixels 

512  x512 

Pixel  size 

24  pm  X  24  tun 

■The  effective  radius  of  the  CZP  defined  by  Lr/Oss- 
The  zone  width  at  the  effective  radius  of  the  CZP. 


The  FZPs  are  formed  by  0.8-pm-thick  Ta  absorber  on 
0.2-pm-thick  SiN  membrane.  The  magnifications  of  the 
FZPs,  Mczp  and  are  1/10  and  200  and  hence  the  20- 
times  magnified  image  of  the  electron-beam  can  be 
obtained  on  the  x-ray  CCD  camera.  We  selected  the  x-ray 
energy  of  3.235  keV,  considering  the  spatial  resolution  of 
the  monitor,  the  energy  dependence  of  the  photon  flux 
and  some  spatial  restrictions  of  the  ring  facility.  For  the 
selected  energy,  the  spatial  resolution  of  the  monitor 
calculated  from  Eq.  (3)  is  1.7  pm.  Each  FZP  is  mounted 
on  the  holder  inserted  between  two  bellow  ducts.  In  order 
to  align  the  two  FZPs,  both  holders  can  be  moved  in  the 
horizontal  (x)  and  vertical  (y)  directions  by  motorized 
linear  stages.  The  MZP  holder  can  also  be  moved  in  the 
longitudinal  (z)  direction  to  match  the  focal  plane  to  the 
CCD  screen. 

In  order  to  avoid  the  effect  of  the  energy  aberration,  the 
SR  should  be  monochromatized  before  it  arrives  at  the 
CZP.  The  required  energy  bandwidth  AE/E  is  given  by 
AEl E<  2(7 J ^  ,  (6) 

where  is  the  size  of  the  electron  beam  [3].  For  the 
minimum  size  of  the  electron  beam  in  the  ATF  damping 


ring  (>  5  pm),  the  spectral  resolution  of  less  than  8.0x10'^ 
is  needed.  In  the  system,  a  Si(220)  crystal  is  used  to 
deflect  the  extracted  x-ray  beam  from  the  bending  magnet 
with  the  Bragg  angle  Gg=86.35°.  The  spectral  resolution 
of  this  monochromator  is  5.6x10  ’  and  it  fully  satisfies  the 
required  condition  of  (6).  The  Si  crystal  can  be  rotated 
around  the  x-  and  y-axis  for  adjustment  of  the  horizontal 
and  vertical  angles  of  the  x-ray  beam. 

The  x-ray  CCD  camera  (HAMAMATSU  C4880-21)  is 
a  direct  incident  type  with  a  back-thinned  illuminated 
CCD,  which  offers  high  quantum  efficiency,  more  than 
90  %  for  the  x-ray  energy  of  3.235  keV.  The  pixel  size  is 
24  pm  and  less  than  twenty  times  the  spatial  resolution  of 
the  imaging  optics  So.  The  minimum  exposure  time  is  20 
ms  and  the  maximum  frame  rate  is  7  frames/s.  The  CCD 
is  a  full-frame  transfer  type  and  an  x-ray  shutter  made  of 
50-pm-thick  beryllium  copper  is  installed  before  the  CCD 
camera  to  cut  off  the  x-ray  irradiation  during  the  readout. 

MEASUREMENT 

After  adjusting  the  angles  of  the  Si  crystal  and  the 
horizontal  and  vertical  positions  of  the  FZPs,  an  eleetron- 
beam  image  was  clearly  observed  on  the  CCD.  The 
background  mainly  consisted  of  the  readout  noise  and  the 
x-rays  transmitted  through  the  FZPs  and  their  count  rates 
were  much  lower  than  that  of  the  peak  signal.  However 
we  subtracted  these  background  components  from  the 
CCD  data  as  possible.  The  position  of  the  electron-beam 
image  is  more  sensitive  to  the  position  change  of  the  MZP 
by  a  factor  of  200  than  those  of  the  transmitted  x-rays. 
By  changing  the  MZP  position  by  few  tens  microns, 
which  corresponds  to  only  the  size  of  one  or  two  CCD 
pixels,  the  electron-beam  image  was  moved  out  of  the 
CCD  frame  while  the  background  components  were 
almost  unchanged  in  position  and  intensity.  The  CCD 
data  without  the  electron-beam  image  was  used  as  the 
background  data.  Figure  3  shows  an  electron-beam  image 
on  the  x-ray  CCD  after  the  background  subtraction. 

Hie  horizontal  and  vertical  profiles  of  the  beam  image 
were  obtained  by  projecting  Ae  2-dimensional  intensity 
distribution  on  the  horizontal  and  vertical  axes  and  the 
horizontal  and  vertical  image  sizes  by  fitting  the 
horizontal  and  vertical  image  profiles  to  gaussian  curves. 
The  longimdinal  position  of  the  MZP  was  scanned  for 
searching  the  minimum  image  sizes,  which  suggested  that 
the  focal  point  of  the  MZP  was  on  the  x-ray  CCD.  The 
real  beam  sizes  at  the  source  point  were  obtained  by 
dividing  the  minimum  image  sizes  by  the  magnification 
of  the  imaging  optics,  which  was  measured  by  the  method 
described  later.  The  horizontal  and  vertical  beam  profiles 
and  their  fitted  curves  are  shown  in  Fig.  4,  where  the  axes 
of  abscissas  reflect  the  dimension  at  the  source  point.  The 
beam  sizes  were  measured  on  five  different  days  with 
different  beam  currents  and  tuning  conditions  of  the  ring. 
The  measurement  results  were  summarized  in  Table  2. 
The  measured  horizontal  and  vertical  beam  sizes  were  36 
-  44  pm  and  9.4  -  9.7  pm  in  2002/05/30-06/07  and  37.6 
pm  and  6.9  -  7.5  pm  in  2002/12/06-07. 
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Figure  3:  Electron  beam  image  obtained  by  the  beam 
profile  monitor.  The  length  of  the  horizontal  and  vertical 
white  bars  corresponds  to  50  pm  at  the  SR  source  point. 
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Figure  4:  (a)  horizontal  and  (b)  vertical  beam  profiles 
with  their  fitted  gaussian  curves.  Data  from  2002/06/06. 

Table  2:  Summary  of  beam-size  measurements 


Date*  Beam  size  Magnification 

_ g,[pni].  er,[pm] _ _ 

2002/05/30  38. 1  ±  1 .4,  9.52  ±  0.35  M=20.53  ±  0.76 

2002/06/06  44.2  ±  1 .6, 9.70  ±  0.36  M*ep=204.8  ±  1 .5 

2002/06/07  36.3  ±  1 .3,  9.38  ±  0.35  M^.^0. 1002  ±  0.0038 

2002/12/06  37.6  ±  2.0,  6.93  ±  0.37  M=21.08  ±  1.26" 

2002/12/07  37.6  ±  2.0, 7.45  ±  0.39 

*  The  total  beam  currents  were  and  0.27,  2.5  and  0.5  mA  in  single-bundi 
mode  for  2002/05/30.  2002/06/06  and  2002/06/07  and  3  mA  in  three- 
bunch  mode  for  the  two  dates  of  2002/12/06-07. 

"  The  magnification  of  was  not  measured  for  2002/12/06-07. 


2002/05/30 

2002/06/06 

2002/06/07 

2002/12/06 

2002/12/07 


M=20.53  ±  0.76 
/lf*ep=204.8±  1.5 
Mry^Q.\0O2  ±  0.0038 
M=21.08±  1.26" 


The  magnification  of  the  imaging  optics,  M=MczpMmzp, 
was  obtained  by  measuring  the  horizontal  beam  position 
at  the  source  point,  x,  and  the  horizontal  position  of  the 
beam  image  on  the  CCD,  X,  at  the  same  time.  The 
variation  of  the  beam  image  position  AX  is  related  to  the 
variations  of  the  horizontal  beam  position  Ax  by 

AX  =  MAx  =  -M— (7) 

«  frf 

where  a,  and  Af^f  are  the  dispersion  function  at  the 
SR  source  point,  the  momentum  compaction  factor,  the  rf 
frequency  and  its  variation.  The  beam  image  position  X 
was  measured  as  function  of  Af.j  and  fitted  to  a  straight 
line.  The  magnification  was  obtained  from  the  slope  of 
the  fitted  line  and  the  ring  parameters  f^j,  and  a.  Figure 
5  shows  the  relation  between  the  beam  image  position  X 
and  the  horizontal  beam  position  x  As  shown  in  Table  2, 
the  obtained  magnification  values  of  the  imaging  optics 
were  almost  equal  to  the  design  value  of  20. 


The  magnification  of  the  MZP  was  also  evaluated  by 
utilizing  the  fact  that  the  ratio  of  the  position  change  of 
the  beam  image  to  the  position  change  of  the  MZP  is 
equal  to  the  magnification  plus  one.  The  center  position 
of  the  beam  image  was  measured  with  changing  the  MZP 
position.  The  obtained  data  were  well  fitted  by  a  straight 
line  and  the  magnification  of  the  MZP  was  obtained.  The 
magnification  of  the  CZP  was  determined  by  the 
measured  values  ofM  and  A/^zp-  The  measurement  result 
agrees  well  with  the  design  values  of  M^vp  and  Mrvp  ,  as 
shown  in  Table  2. 
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Figure  5:  Relation  between  the  horizontal  beam  position 
at  the  SR  source  point  and  the  horizontal  position  of  the 
beam  image  on  the  x-ray  CCD.  Data  from  2002/05/30  - 
06/07. 

CONCLUSIONS 

The  FZP-based  beam  profile  monitor  was  developed 
for  measuring  the  extremely  small  size  of  the  election 
beam  in  the  KEK-ATF  damping  ring.  It  is  a  real-time  and 
non-destructive  monitor  with  a  high  spatial  resolution  and 
consists  of  a  silicon  crystal  monochromator,  two  FZPs 
(CZP  and  MZP)  and  an  x-ray  CCD  camera.  With  this 
monitor,  we  directly  obtained  the  transverse  image  of  the 
electron  beam  and  then  measured  the  horizontal  and 
vertical  beam  sizes.  The  horizontal  beam  sizes  were 
about  40  urn  and  the  vertical  beam  sizes  7  -  10  pm  for 
five  different  days.  The  magnification  was  also  measured 
and  was  in  good  agreement  with  the  design  value.  The 
good  performance  and  prospects  of  the  monitor  were 
confirmed  in  the  experiments.  Further  measurements  of 
the  beam  sizes  will  be  carried  out  more  systematically. 
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Abstract 


scheme  they  are  injected  to  the  rings  simultaneously. 


A  nondestructive  beam-energy-spread  monitor  (BESM) 
using  multi-stripline  electrodes  has  been  newly  developed 
in  order  to  measure  and  control  the  energy  spread  of  a 
single-bunch  electron  beam  at  the  180-degree  arc  with 
a  beam  energy  of  1.7  GeV  in  the  KEKB  injector  linac. 
A  proof-of-principle  experiment  was  performed  to  verify 
the  function  of  the  BESM.  The  result  shows  that  taking 
into  account  the  second-order  moment  derived  from  the 
multipole-moment  analysis,  the  energy  spreads  are  esti¬ 
mated  to  be  0.150±0.007%  and  0.264±0.004%  for  the 
electron  beams  with  charges  of  0.9  and  8  nC/bunch  at  the 
rf  phase  of  the  energy-spread  minimum,  respectively. 

1  INTRODUCTION 

The  KEK  B -Factory  (KEKB)  project  [1]  is  in  progress 
for  testing  CP  violation  in  the  decay  of  B  mesons.  KEKB 
is  an  asymmetric  electron-positron  collider  comprising  3.5- 
GeV  positron  and  8-GeV  electron  rings.  Since  KEKB  is  a 
factory  machine,  well-controlled  operation  of  the  KEKB 
injector  linac  [2]  is  required  for  keeping  the  injection  rate 
as  high  as  possible  and  for  maintaining  stable  operation. 
For  this  purpose,  beam  diagnostic  and  monitoring  tools  are 
essential.  The  energy  spread  of  the  primary  electron  beam 
for  positron  generation  is  often  increased  due  to  a  long¬ 
term  phase  drift  of  high-power  and  booster  klystrons.  Thus, 
beam  diagnostic  and  monitoring  tools  are  required  to  cure 
the  beam  energy  spread;  furthermore,  those  are  exfiected 
to  control  the  longitudinal  wakefields  of  the  high-current 
primary  electron  beam  pulse-by-pulse,  especially  at  large 
energy  dispersion  sections. 

The  BESM  with  multi-stripline  electrodes  is  one  of  very 
useful  monitoring  tools  for  satisfying  such  requirements, 
since  it  can  measure  the  energy  spread  derived  from  a 
quadmpole  moment  of  an  electron  beam.  This  monitor 
was  designed  based  on  a  numerical  analysis  by  applying 
the  multipole  moments  of  the  electromagnetic  field  gener¬ 
ated  by  a  charged  beam  [3].  The  BESM  detects  the  spread 
of  transverse  beam  widths  at  a  large  energy  dispersion  sec¬ 
tion  by  measuring  any  variation  of  the  electromagnetic  field 
distribution  induced  on  the  multi-stripline  electrodes  of  the 
monitor.  In  this  report  the  authors  not  only  present  a  clear 
experimental  verification  of  this  analyis  based  on  the  pre¬ 
vious  works  [4,  5],  but  also  demonstrate  that  the  second- 
order  moment  of  an  electron  beam  can  be  nondestructively 
measured  by  the  BESM,  depending  on  the  variation  of  the 
energy  spread.  The  BESM  will  enable  to  acquire  beam 
characteristics  of  two  beam  bunches  in  an  rf  pulse  in  which 
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2  MULTIPOLE-MOMENT  ANALYSIS  OF 
A  CHARGED  BEAM 


For  a  conducting  round  duct,  the  image  charges  induced 
by  a  line  charge  can  be  solved  as  a  boundary  problem  in 
which  the  electrostatic  potential  is  equal  on  the  duct  [6] 
(also  see  Ref.  [7]).  The  formula  for  the  image  charge  den¬ 
sity  j  is  given  by 


R,  9) 


4>) _ R‘^-r^ _ 

27rJ?  R?+r^-2rRcos{e-(P)' 


where  /  is  the  line  charge,  (r,(f>)  and  (R,9)  are  the  polar  coor¬ 
dinates  of  the  line  charge  and  the  pickup  point  on  the  duct, 
respectively,  and  R  is  the  duct  radius.  Assuming  the  trans¬ 
verse  r-distribution  p{r)  of  a  traveling  charged  beam,  the 
total  image  charge  J  is  formulated  by  integrating  the  image 
charge  density  with  a  weight  of  the  transverse  distribution 
inside  the  duct  area. 


R  27t 


J{R,9)  =  J  j  j{r,<j),R,e)pir)rdrd(p.  (2) 


0  0 


It  is  easily  expanded  by  a  power  series. 


-  (y)^)  cos  20 

+2{{xy)  H-  (x) (2/))  sin 20] 

-l-higher  orders} ,  (3) 


where  4  is  the  beam  charge,  (a:)  and  (y)  are  the  charge 
center  of  gravity  of  the  beam,  (x^)  and  (y^)  are  the  hor¬ 
izontal  and  vertical  mean  square  half  widths  of  the  beam 
in  the  x  and  y  directions,  and  (xy)  is  the  x-y  coupling 
in  the  transverse  plane,  respectively.  A  transverse  beam- 
width  measurement  is  performed  to  detect  the  second- 
order  (quadrupole)  moment  J,  at  the  least  orders.  The 
quadmpole  moment  is  described  by  using  the  following 
eight-pickup  amplitudes  [Vi  ((=1-8)]  of  the  BESM; 


27r  27r 

s  j  J(fl,0)cos20d0/  J  J{R,e)d9, 


COS  26 


8 

EY, 

i=l 


(4) 


0-7803-7738-9/03/$17.00  ©  2003  IEEE 


533 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


Normalization  by  summing  the  eight-pickup  amplitudes 
needs  to  cancel  out  the  beam  charge  fluctuations  due 
to  any  beam  measurement  jitter.  It  is  understood  that 
the  quadmpole  moment  is  related  to  the  transverse  beam 
widths,  while  it  also  depends  on  the  beam  positions. 

3  BEAM  ENERGY-SPREAD  MONITOR 

Figure  1  show  schematic  cross-sectional  drawings  of 
the  BESM.  The  mechanical  design  parameters  are  sum¬ 
marized  in  Table  1.  The  BESM  is  a  conventional  mon¬ 
itor  with  eight-stripline  electrodes  fabricated  from  stain¬ 
less  steel  (SUS304)  with  tt/S  rotational  symmetry.  The 
stripline  length  L  was  determined  to  be  as  long  as  could 
possibly  be  installed  into  the  limited  spaces  in  the  beam  line 
so  as  to  increase  the  signal-to-noise  ratio.  The  inner  and 
outer  radii,  Ri  and  R2,  and  the  angular  width  a  of  the  elec¬ 
trode  were  chosen  so  as  to  comprise  a  50-Q-transmission 
line.  The  eight  pickups  with  a  relatively  narrow  angular 
width  of  15  degree  are  mounted  with  a  tilt  of  n/S  rad  at 
the  symmetrical  polar  coordinates  in  order  to  avoid  any 
direct  impinging  of  synchrotron  radiation  and  off-energy 
electrons  to  the  electrode  surfaces  at  a  large  energy  disper¬ 
sion  section. 


Figure  1:  Schematic  cross-sectional  drawing  of  the  beam 
energy-spread  monitor. 


Table  1:  Mechanical  design  parameters  of  the  BESM. 


Mechanical  parameter 

Innner  radius  Ri  (mm) 

20.6 

Outer  raidus  R2  (mm) 

23.4 

Electrode  angular  width  a  (deg) 

15 

Electrode  thickness  t  (mm) 

1.5 

Electrode  length  1  (nun) 

132.5 

Total  length  L  (mm) 

283 

4  BEAM  TEST 

Beam  experiments  using  single-bunch  electron  beams 
of  0.9  and  8  nC/bunch  were  carried  out  under  the  nomi¬ 
nal  operation  condition  at  the  1 80-degree  arc  after  sector  B 


where  the  beam  energy  is  1 .7  GeV.  The  layout  of  the  beam 
line  is  described  elsewhere  [2].  The  multipole  moments  of 
the  electron  beam  were  measured  by  the  BESM  while  the 
transverse  spatial  profiles  of  the  beam  were  directly  mea¬ 
sured  by  a  fluorescent  screen  monitor  (SC)  installed  behind 
the  BESM  with  a  beam-synchronous  CCD  camera  and  a 
video-image  frame  grabber  in  order  to  calibrate  the  BESM 
results  at  a  rate  of  1  Hz. 

The  transverse  beam  widths  at  the  locations  of  these 
monitors  were  controlled  by  changing  the  rf  phase  of  the 
booster  klystron  at  sector  B.  The  BPMs  located  at  sectors 
A,  B  and  the  arc  monitored  the  beam  positions  and  charges 
of  the  beam  in  order  to  control  the  beam  positions  and  en¬ 
ergy  stably  through  the  feedback  systems  without  any  beam 
loss  during  the  experiment. 

The  beam  experiments  with  the  BESM  were  performed 
by  measuring  the  quadmpole  moment  of  the  0.9-nC  elec¬ 
tron  beam,  as  a  function  of  the  horizontal  (x)  and  vertical 
(y)  beam  positions.  In  this  measurement  the  rf  phase  of 
the  booster  klystron  at  sector  B  was  fixed  to  reduce  the  en¬ 
ergy  spread  to  its  minimum  with  the  beam-orbit  and  energy 
feedbacks  at  sector  B  off.  The  beam  positions  at  the  BESM 
were  controlled  by  the  field  strength  of  upstream  x  and  y 
steering  magnets.  The  quadmpole  moments  of  the  0.9-nC 
and  8-nC  electron  beam  depending  on  the  rf  phase  of  the 
booster  klystron  were  also  measured  while  the  beam  posi¬ 
tions  of  the  electron  beam  were  fixed  at  the  center  of  the 
BESM  with  the  beam-orbit  and  energy  feedbacks  on.  One 
data  point  of  the  BESM  was  obtained  by  averaging  200 
successive  data  with  the  statistical  errors  after  the  position 
dependence  was  corrected. 

5  EXPERIMENTAL  RESULTS 

Figure  2  shows  the  variations  of  the  quadmpole  moment 
depending  on  the  field  strength  of  the  upstream  x  steering 
magnet  for  the  0.9-nC  electron  beam  with  and  without  the 
beam-position  corrections.  It  is  clearly  shown  that  after  the 
corrections  of  the  beam  position,  the  quadmpole  moment 
is  constant  over- the  measured  range  of  the  field  strength 
of  the  steering  magnet  within  the  estimated  errors.  Figure 
3  shows  the  variations  of  the  quadmpole  moment  for  the 
0.9-nC  and  8-nC  electron  beam  depending  on  the  rf  phase 
of  the  booster  klystron  after  the  beam-position  correction. 
For  the  0.9-nC  electron  beam  the  beam-width  data  directly 
measured  by  the  screen  monitor  are  also  added  in  order  to 
compare  the  BESM  data  after  the  beam-profile  correction 
on  the  transverse  distributions. 

The  BESM  data  are  related  to  the  SC  data  by, 

{=^^)-{y^)  =  f{X^-Y^)+g,  (5) 

where  X  and  F  are  the  transverse  beam  widths  measured 
by  the  screen  monitor  in  HWHM,  g  is  a  fitting  parameter 
caused  by  the  gain  imvalance  and  the  geometrical  errors  of 
the  eight  pickups  of  the  BESM,  and  the  parameter/  is  the 
beam-profile  correction  factor  depending  upon  the  trans¬ 
verse  distributions  of  the  electron  beam  (see  Ref.  [7]).  The 
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Figure  2:  Variations  of  the  quadrupole  moment  depend¬ 
ing  on  the  field  strength  of  the  horizontal  upstream  steering 
magnet  for  the  0.9-nC  electron  beam. 

result  shows  that  the  transverse  beam  profile  is  approxi¬ 
mately  well  described  not  by  a  Gaussian  function,  but  by 
a  parabolic  function.  The  BESM  data  agree  well  with  the 
corrected  SC  data  within  the  estimated  errors  over  the  mea¬ 
sured  region  of  the  rf  phase. 


RF  Phase  <►  [deg] 


Figure  3:  Variations  of  the  quadrupole  moment  depending 
on  the  rf  phase  of  the  booster  klystron. 

Assuming  that  the  vertical  dispersion  r]y  is  zero  at  the 
BESM,  the  energy  spread  AE  of  the  electron  beam  can 
be  estimated  from  the  transverse  beam  widths  along  with 
the  optics  parameters  (/?  functions  and  horizontal  disper¬ 
sion  r]x)  and  the  transverse  emittances  as  follows: 

-  (y^)  Pxex  +  iVx^E/Ef  -  I3yey  +  g,(6) 

where  g  is  the  same  parameter  as  defined  in  Eq.(5),  and  the 
transverse  emittances,  ex  and  Cy,  were  measured  by  wire 
scanners  at  the  end  of  sector  B  (see  Ref.  [7]).  The  result 
shows  that  the  obtained  energy  spreads  are  0.150±0.007% 
and  0.264±0.004%  for  the  electron  beams  with  charges  of 
0.9  and  8  nC/bunch  at  the  rf  phase  of  the  energy-spread 


minimum,  respectively.  The  resolution  for  the  energy- 
spread  measurement  is  on  the  order  of  10“®,  depending  on 
the  beam  charge.  Figure  4  shows  the  time  trend  of  the  mea¬ 
sured  quadrupole  moment  and  the  rf  phase  of  the  booster 
klystron  during  six  hours,  where  the  BESM  data  were  ob¬ 
tained  pulse-by-pulse  and  the  rf  phase  data  were  taken  ev¬ 
ery  1.5  minute.  The  good  agreement  between  these  two 
data  is  a  clear  demonstration  of  the  principal  function  of 
the  BESM. 


Time 

Figure  4:  Time  trend  of  the  quadmpole  moment  and  the  rf 
phase  of  the  booster  klystron. 

6  CONCLUSIONS 

The  second-order  moments  of  single-bunch  electron 
beams  were  accurately  measured  by  the  nondestmctive 
beam-energy-spread  monitor  with  multi-stripline  elec¬ 
trodes  at  the  injector  linac.  The  result  shows  that 
the  analyzed  energy  spreads  were  0.150±0.007%  and 
0.264±0.0()4%  for  electron  beams  with  charges  of  0.9  and 
8  nC/bunch  at  the  rf  phase  of  the  energy-spread  minimum, 
respectively.  The  authors  have  a  plan  to  investigate  beam 
characteristics  of  two  beam  bunches  in  the  two  beam  bunch 
injection  scheme  in  the  nominal  operation  mode. 
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Abstract 

The  High  Current  Experiment  (HCX)  at  Lawrence 
Berkeley  National  Laboratory  is  part  of  the  US  program 
to  explore  heavy-ion  beam  transport  at  a  scale 
representative  of  the  low-energy  end  of  an  induction  linac 
driver  for  fusion  energy  production.  The  primary  mission 
of  this  experiment  is  to  investigate  aperture  fill  factors 
acceptable  for  the  transport  of  space-charge-dominated 
heavy-ion  beams  at  high  space-charge  intensity  (line- 
charge  density  ~  0.2  ^C/m)  over  long  pulse  durations  (>4 
ps)  in  alternating  gradient  electrostatic  and  magnetic 
quadrupoles.  This  experiment  is  testing  —  at  driver- 
relevant  scale  -  transport  issues  resulting  from  nonlinear 
space-charge  effects  and  collective  modes,  beam  centroid 
alignment  and  beam  steering,  matching,  image  charges, 
halo,  electron  cloud  effects,  and  longitudinal  bunch 
control.  We  present  the  results  for  a  coasting  1  MeV  K'" 
ion  beam  transported  through  the  first  ten  electrostatic 
transport  quadrupoles,  measured  with  beam-imaging  and 
phase-space  diagnostics.  The  latest  additions  to  the 
experiment  include  measurements  of  the  secondary  ion, 
electron  and  atom  coefficients  due  to  halo  ions  scraping 
the  wall,  and  four  magnetic  quadrupoles  to  explore  similar 
issues  in  magnetic  channels. 

INTRODUCTION 

The  High  Current  Experiment  (HCX)  [1]  located  at 
Lawrence  Berkeley  National  Lab  and  carried  out  by  the 
HIF-VNL  (Heavy-Ion  Fusion  Virtual  National 
Laboratory:  a  collaboration  between  groups  at  LBNL, 
LLNL  and  Princeton  Plasma  Physics  Laboratory,  which 
has  the  goal  of  developing  heavy-ion  accelerators  capable 
of  igniting  inertial-fusion  targets  for  electric  power 
production)  is  designed  to  explore  the  physics  of  intense 
beams  with  line-charge  density  of  about  0.2  pC/m  and 
pulse  duration  4<t<1  0  ps,  close  to  the  values  of  interest 
for  a  fusion  driver.  Experiments  are  performed  near  driver 
injection  energy  (1-1.8  MeV).  HCX  beam  transport  is  at 
present  mainly  based  on  electrostatic  quadrupole 
focusing,  which  provides  efficient  transport  at  low  energy 
and  provides  clearing  fields  which  sweep  out  unwanted 
electrons.  However,  magnetic  transport  experiments  have 
commenced,  to  gain  operational  experience  and  to  explore 

*  Supported  by  the  Office  of  Energy  Research,  US  DOE,  at  LBNL  & 
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special  limitations  associated  with  magnetic  focusing,  in 
particular  the  onset  of  transport-limiting  effects  due  to 
electrons  trapped  in  the  potential  well  of  the  ion  beam. 

EXPERIMENTAL  CONFIGURATION 

The  present  configuration  begins  with  the  ion  source 
and  injector,  an  electrostatic  quadrupole  matching  section 
(six  quadrupoles),  and  the  first  10  electrostatic  transport 
quadrupoles. 

A  multi-purpose  diagnostic  station  (D-end)  is  at  the  end 
of  the  beam  line  (Fig.  1).  Beam  diagnostics  are  also 
located  at  the  interface  of  the  matching  section  and  the  ten 
transport  quadrupoles  (QDl)  and  after  the  last  (D2) 
transport  quadrupole  in  the  periodic  lattice.  They  include 
transverse  slit  scanners,  Faraday  cups  and  current 
transformers.  The  Gas  and  Electron  Source  Diagnostic 
(GESD)  is  located  at  the  end  of  D-end. 

Most  measurements  so  far  have  been  made  at  1.0  MeV, 
to  avoid  any  high  voltage  insulation  issues  in  the  injector. 
Though  much  of  the  beam  physics  should  scale 
predictably  between  1  and  2  MeV,  future  measurements 
will  verify  this,  and  also  establish  operating  experience  at 
higher  injection  energy.  The  beam  energy  at  present  is 
limited  to  1.5  MeV  until  the  water  resistor  that  istributes 
the  voltage  along  the  injector  column  is  modified.  The 
column  has  operated  at  1.8  MV  during  checks  of  the 
injector  optics  modifications. 

To  date,  contact-ionization  and  alumino-silicate  ion 
sources  have  been  used.  The  injector  beam 
characterization  measurements  and  the  first  measurements 
through  the  HCX  were  made  using  the  contact  ionization 
source,  before  switching  to  the  alumino-silicate  source 
(100  mm  diameter)  in  April  2002.  Earlier  versions  of 
alumino-silicate  sources  suffered  from  poor  current- 
density  uniformity.  There  was  a  considerable  alumino¬ 
silicate  large-source  R&D  effort  during  2001-2  aimed  at 
improving  the  uniformity.  As  a  consequence  of 
improvements  to  the  diode  optics  and  the  improvements 
to  the  ion  source  [2],  the  hollowness  of  the  beam  has 
decreased  from  20%  to  10%.  The  emittance  has  decreased 
from  En  =10  x  10  ’  to  6  X  10'^  m  compared  to  the 

theoretical  minimum,  s„  =  2R-\lkT  Im  =  1.7  x  10”’m 
where  T  is  the  source  temperature  and  R  is  the  radius.  The 
experimental  current  is  within  2%  of  the  expected  value 
based  on  3D  PIC  simulations. 
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Figure  1:  Layout  of  the  HCX  (elevation  view). 
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In  the  operating  range  from  1.0  to  1.8  MeV  the  beam 
brighmess  (B„  =  I/e„^)  is  0.7  <  B„  <  2  A/mm^  and  the 
number  ofions  per  pulse  is  6xl0'^  <N  <  1.7  x  lO'^. 

First  beam  was  transported  in  the  HCX  in  January  2002, 
less  that  one  month  after  the  assembly  of  the  initial 
configuration. 

MATCfflNG  AND  TRANSPORT 
THROUGH  ELECTROSTATIC 
QUADRUPOLES 

The  six-quadrupole  matching  section  is  designed  to 
compress  the  beam  area  transversely  by  a  factor  =25  and 
produce  the  matched  beam  parameters  for  periodic 
transport  in  the  electrostatic  lattice.  In  this  significant 
beam  manipulation  the  radii  of  the  first  (QMI)  and  last 
(QM6)  matching  quadrupole  bores  are  rp=100  mm  and  31 
mm  respectively,  and  the  maximum  envelope  excursions 
occur  in  the  first  and  second  quadrupoles,  with  the  beam 
filling  radii  up  to  0.8*  rp.  The  beam  centroid  exiting  the 
injector  is  offset  from  the  beam  line  axis  by  a  few 
millimeters  and  milliradians,  and  the  centroid  undergoes 
betatron  oscillations  through  the  first  three  (QMI -3) 
quadrupoles  of  the  matching  section  until  being  corrected 
in  QM4-6.  QM4-6  may  each  be  displaced  in  the 

horizontal  and  vertical  directions  by  ±15mm  to  correct  the 
beam  centroid  offset.  Matching  (QMI -6)  and  transport 
quadrupole  (Ql-10)  voltages  range  up  to  ±43  kV,  and 
focusing  gradients  up  to  lOkV/cm^.  (Experiments  at 
higher  injection  energy  will  require  proportional  increase 
in  the  quadrupole  potentials  to  achieve  a  nearly  identical 
envelope  solution.) 

Although  the  beam  fills  a  relatively  large  fraction  of  the 
aperture  in  the  early  part  of  the  matching  section,  pickup 
signals  capacitively  coupled  to  the  quadrupole  electrodes 
indicate  that  beam  loss  is  less  than  0.5%  through  the 
middle,  or  “flattop”  of  the  beam  pulse.  Beam  loss  at  the 
head  and  tail  of  the  current  pulse  may  be  greater,  and  is 
presently  being  studied.  The  pickup  signal  due  to  lost  ions 
is  effectively  amplified  by  the  large  secondary  electron 
coefficient  [3],  making  this  diagnostic  more  sensitive  to 
beam  loss  than  comparisons  of  the  total  beam  current  data 


at  the  injector  exit  to  that  at  QDl.  The  Faraday  cup- 
current  transformer  ratio  is  >95(±2)%. 


Figure  2:  Horizontal  phase  space  (a)  before  and  (b) 
after  the  10  quadrupole  periodic  transport  lattice,  for  the 
80%  fill  factor  case,  for  a  time  slice  near  mid-pulse. 


The  steering  quadrupole  displacements  (±1-4  mm 
typical)  are  determined  by  calculating  the  (single  particle) 
trajectory  through  QM4-6  for  a  misaligned  beam,  and 
then  solving  for  the  required  displacements.  Three 
steering  quadrupoles  QM4-6)  are  used  to  align  the  beam 
centroid  at  QDl  (instead  of  the  minimum  of  two 
displacements)  subject  to  the  additional  constraint  of 
minimizing  the  sum  of  displacements  of  the  lenses. 
Following  such  a  procedure,  the  beam  centroid  positions 
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(<x>,  <y>)  and  angles  (<x’>,  <y’>)  are  routinely  within 
0.5  mm  and  2  mrad  of  the  central  axis  of  the  channel. 

The  horizontal  phase  space  at  QDl  is  shown  in  Fig.  2a. 
The  stability  and  reproducibility  of  the  envelope 
measurements  have  been  characterized  by  a  standard 
deviation  of  =0.3  mm  and  =1  mrad  among  five  repeated 
measurements.  The  achievable  beam  envelope  and 
centroid  control  are  key  ingredients  in  determining  the 
allowable  filling  factor  as  determined  by  beam  loss  and 
emittance  growth.  Integrating  the  envelope  equation 
through  the  ten-quadrupole  lattice  to  D2  (initialized  with 
QDl  measures  of  envelope  radii,  convergence  angles, 
current,  and  D-end  measurements  of  beam  energy)  gives  a 
calculated  envelope  in  agreement  with  the  experiment  at 
the  D2  location  to  within  0.4  mm  and  3  mrad,  (<10%). 
Early  calculations  of  the  envelope  showed  a  larger 
discrepancy,  which  led  to  an  analysis  of  several  effects, 
which  resolved  most  of  the  disagreement.  The  effects  are: 
(1)  Realistic  fringe  field  model  based  on  3D  field 
calculations;  (2)  quadrupole  and  corresponding  radial 
focusing  force;  (3)  corrections  for  the  grounded  slit  plates 
of  the  intercepting  diagnostics  that  short  out  the  self-field 
of  the  beam  near  the  diagnostic;  and  (4)  more  accurate 
determination  of  the  beam  current  and  energy. 

We  have  made  two  fill-factor  measurements,  for  the 
envelope  filling  =60%  and  80%  of  the  available  bore 
diameter  in  the  transport  channel.  Each  case  requires  a 
different  matching  solution  in  the  matching  section,  and 
the  fill  factor  (ratio  of  the  beam  major  radius  to  aperture 
radius)  is  increased  by  tuning  the  upstream  beam  to  the 
matched  beam  conditions  in  the  transport  section  for  a 
lower  focusing  gradient,  rather  than  by  changing  the 
current. 

PIC  simulations  [4]  predict  that  matched  beam 
excursions  filling  80%  of  the  quadrupole  bore  would 
result  in  negligible  emittance  growth,  if  perfect  alignment 
and  envelope  control  were  maintained.  Within  the 
experimental  sensitivity  there  is  no  evidence  of  emittance 
growth  at  the  end  of  the  electrostatic  lattice  for  both  60%. 
and  80%  fill  factor  cases.  Systematic  biases  such  as  those 
due  to  finite  slit  widths  and  rotational  misalignments  are 
still  being  analyzed,  and  may  contribute  an  uncertainty  of 
10-20%  to  the  emittance.  Figure  2(b)  show  the  horizontal 
beam  phase  space  in  the  converging  plane  for  the  more 
aggressive  80%-filling  factor  of  the  46mm-diameter 
aperture.  Since  the  transportable  current  scales  as  the 
square  of  the  fill  factor,  determining  its  maximum  will 
have  a  large  impact  on  the  cost  of  multi-beam  induction 
accelerators  for  HIF. 

In  the  entire  distance,  and  for  both  fill  factor  cases, 
currents  collected  on  quadrupole  electrodes  indicate 
particle  losses  of  <0.5%,  while  Faraday  cup  current 
monitors  indicate  =1%  losses.  Halo  measurements 
indicate  that  the  beam  profile  intensity  =5  mm  from  the 
hard-edge  of  the  beam  distribution  falls  to  the  order  of 
lO"^  of  the  peak  density  in  the  core  of  the  beam,  the 
sensitivity  limit  with  present  slit-cup  diagnostics. 

In  the  context  of  multiple  beam  arrays  for  heavy-ion 
fusion,  electrostatic  quadrupoles  composed  of  cylindrical 


electrodes  make  a  compact  unit  cell.  For  the  beam 
measurements  to  date,  the  current  density  averaged  over  a 
unit  cell  is  <J>=40  PJrr?  (denominator  includes  the  area 
occupied  by  the  beam  focusing  electrodes  between 
adjacent  channels  of  an  array),  and  future  measurements 
at  1.8  MeV  will  increase  this  by  2-3x.  Furthermore,  it 
appears  from  these  measurements  that  higher  <J>  might 
be  possible.  Compiling  data  to  determine  the  optimum 
filling  factor  is  a  principal  goal  of  the  experiment. 

BEAM  CHARGE  DISTRIBUTION 

We  observe  a  diamond-shaped  beam  pattern  at  QDl 
(Fig.  3)  and  at  D-end,  which  is  attributed  to  nonlinear 
fields  (that  is,  anharmonic  field  components  not  varying 
in  direct  proportion  to  the  transverse  coordinates)  in  the 
ESQ  injector  and  electrostatic  image  forces  in  the 
matching  and  transport  section.  All  the  J(x,y)  data  will  be 
used  with  the  phase  space  data  at  QDl  to  construct  a 
consistent  particle  distribution  for  simulation  studies  [5], 


x(mni) 


Figure  3:  Beam  current  density  profile  J(x,y, 
t=midpulse)  measured  with  crossed  slits  at  QDl. 

The  time-resolved  crossed-slit  data  show  that  at  QDl 
the  profile  of  the  beam  during  the  rise  and  fall  of  the  beam 
current  pulse  is  larger  than  during  the  flattop.  Ballooning 
of  the  beam  head  was  predicted  for  the  beam  exiting  the 
injector  from  3D  particle-in-cell  simulations  and  is 
attributed  to  a  voltage  risetime  in  the  diode  which  is 
presently  too  slow  to  match  the  space-charge  evolution  of 
the  current.  Calculations  of  the  head-tail  dynamics 
through  the  rest  of  the  HCX  are  underway. 

TRANSVERSE  PHASE  SPACE 
DIAGNOSTIC  DEVELOPMENT 

In  prototype  tests,  we  have  confirmed  the  utility  of 
optical  diagnostics  for  rapid  and  highly  detailed 
measurements  of  beam  phase  space  distributions  [6]. 

Figure  4  shows  an  image  from  a  typical  slit  scan  from  a 
prototype  optical  emittance  scanner.  The  beam  is  imaged 
through  the  existing  slits,  already  utilized  in  the 
conventional  emittance  scanner  (Fig.  2),  onto  a  thin 
alumina  ceramic  wafer,  where  charge  buildup  is  prevented 
from  secondary  electron  emission  by  a  grotmded  wire  grid 
placed  directly  on  the  screen.  The  response  time  of  the 
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alumina  is  shorter  than  the  rise  (200  ns)  and  fall  time  of 
the  beam  current  pulse.  The  images  are  viewed  behind 
the  wafer  with  a  gated,  image-intensified  CCD  camera. 
The  slit  is  oriented  vertically  and  is  moved  horizontally  by 
a  step  motor.  The  images  can  be  integrated  to  provide  a 
simulated  slit  scan  for  comparison  with  conventional  slit 
scanner  data.  A  large  amount  of  new  phase  space 
correlation  information  is  available  from  the  shapes  of  the 
images.  Detailed  analysis  of  the  data  is  underway  [5]. 
The  technique  will  be  used  in  the  more  crowded 
diagnostic  gap  at  Dl,  and  slits  will  be  replaced  with  a 
pepper-pot  hole  arrangement,  which  will  provide  fully- 
correlated  four-dimensional  transverse  phase  space  data. 


Figure  4:  Beam  intensity  profile  for  60%  (left)  and 
80%  (right)  fill  factor  at  the  D2  location  based  on 
measured  optical  slit  scan,  referred  to  the  horizontal  slit 
plane.  The  scale  for  the  images  are  2.28  x  4.26  cm  and 
3.11x5.15  cm. 

MEASUREMENT  OF  SECONDARY 
ELECTRONS  AND  ATOMS 

The  Gas-Electron  Source  Diagnostic  (GESD)  is 
designed  to  measure  the  gas  desorption  and  secondary 
electron  and  ion  emission  due  to  heavy-ion  beams 
impacting  a  surface  [3].  Approximately  0.1%  of  the  beam 
current  passes  through  a  small  aperture  and  strikes  a 
target,  adjustable  between  angles  of  incidence  from  75°  to 
88°  relative  to  normal. 

We  observed  a  significant  variation  in  secondary 
electron  emission  with  the  angle  of  the  target  (yield  varies 
from  30-130  between  78°  and  88°).  Beam  ions  lost  to  the 
walls  will  be  near  grazing  incidence,  and  therefore  will 
have  the  higher  values  of  secondary  emission  coefficient. 

We  find  the  gas  desorption  yield  varies  from  8-12  x 
lOVion,  with  the  angular  dependence  and  magnitude 
similar  to  CERN  data  [7]  with  different  beam  parameters. 

A  beam  line  of  four  pulsed  magnetic  quadrupoles, 
instrumented  with  diagnostics  to  measure  the  production 
and  energy  of  trapped  electrons,  secondary  atoms  and  ions 
was  installed  [3,8]  downstream  of  the  first  group  of  10 
electrostatic  quads  in  April  2003,  and  will  be  a  principal 
area  of  activity  in  the  next  year. 


DIAGNOSTICS  FOR  ABSOLUTE  BEAM 
ENERGY  MEASUREMENTS 

Two  new  diagnostics,  an  electrostatic  energy  analyzer 
(EA)  and  a  time-of-flight  pulser  (TOE)  were  installed  to 
more  precisely  determine  the  beam  energy  and  to  make 
longitudinal  phase-space  measurements. 

The  EA,  a  90°-spectrometer  with  a  radius  of  46  cm,  and 
a  gap  of  2.5  cm  was  operated  up  to  AV  =  1 10  kV.  The 
relative  accuracy  is  ±  0.2%,  allowing  us  to  follow 
variations  in  the  beam  energy  as  a  function  of  time  during 
the  beam  pulse.  The  calibration  depends  on  the  geometry 
and  fringe  fields  of  the  analyzer.  By  changing  the  beam 
energy  by  a  known  absolute  amount,  we  were  able  to 
provide  an  independent  calibration:  The  beam  passed 
through  a  28%-transparent  hole-plate,  and  the  gas  cloud 
created  at  the  hole-plate  stripped  singly  charged  K*  beam 
ions  to  doubly  charged  The  absolute  calibration  was 
determined  by  varying  the  electric  potential  at  the  plate, 
and  thus  the  energy  of  the  ions  entering  the  EA. 

For  the  TOE  measurements,  a  fast  pulser  in  the 
matching  section  (0.3  (xs  FWHM)  induced  1%  energy 
perturbations.  These  energy  pulses  manifest  as  5-10% 
current  perturbations  measured  5.4  m  downstream.  Figure 
5  shows  the  perturbation  on  the  beam  current  waveform 
measured  downstream  along  with  a  theoretical  calculation 
of  the  expected  perturbation  based  on  a  1-D  cold-fluid 
model.  Comparing  the  measured  and  expected  delay  time 
of  the  perturbation  determines  the  absolute  energy  of  the 
beam. 


Figure  5:  Cold  fluid  model  vs.  perturbation  on  the  beam 
current  waveform.  Initial  perturbation  applied  @  t  =  0. 

Both  the  TOF  and  EA  diagnostics  determine  the 
absolute  beam  energy  to  ±  2%,  with  both  measurements 
agreeing  within  these  uncertainties.  The  precise 
determination  of  the  energy  is  essential  for  the  agreement 
between  envelope  simulations  and  experimental  data. 

Fig.  6  shows  the  longitudinal  energy  distribution 
obtained  with  the  EA.  The  10%-higher  energy  head  and 
low-energy  tail  are  understood  to  be  from  the  beam 
longitudinal  space  charge,  which  accelerates  particles  at 
the  front  end  of  the  bunch  and  decelerates  particles  at  the 
rear  of  the  pulse.  These  data  also  shows  that  in  the  middle 
of  the  pulse,  the  mean  beam  energy  is  constant  to  within 
0.5  %  for  3.1  [IS. 
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Figure  6:  Longitudinal  Energy  Distribution  measured 
with  the  electrostatic  energy  analyzer.  K*  ions  were 
detected  at  the  beam  head  with  1.1  MeV  (not  visible  on 
this  scale). 

This  information  (particularly  the  head  and  tail  energy 
variations  with  respect  to  the  core  of  the  beam  pulse)  will 
be  used  to  help  complete  the  design  of  a  bunch  end 
control  module  [10]  to  be  installed  next  year  between  the 
matching  section  and  the  periodic  transport  lattice.  This 
represents  a  first  step  towards  conducting  more 
longitudinal  physics  experiments. 

SUPERCONDUCTING  QUADRUPOLE 
DEVELOPMENT 

Superconducting  magnets  will  be  installed  in  HCX.  While 
pulsed  magnets  provide  a  more  flexible  alternative  for 
initial  experiments,  superconducting  technology  is  the 
most  attractive  in  view  of  the  ultimate  fusion  driver 
application.  Superconducting  magnets  based  on  flat  coils 
have  received  considerable  attention  in  recent  years,  due 
to  their  simplicity  and  cost-effectiveness.  The  HCX 
design  uses  double-pancake  coils  wound  around  iron 
cores,  and  was  derived  from  an  earlier  design  of  a 
multiple  beam  quadrupole  array  for  heavy  ion  fusion. 

A  prototype  cryostat  housing  two  quadrupole  magnets 
(an  FD  doublet)  is  completed.  The  unit  includes  a 
shielded  straight  chimney,  needed  to  maximize  the  space 
available  for  induction  acceleration  cores  surrounding  the 
transport  line  of  an  induction  linac. 

The  measurement  of  the  field  quality  of  an  optimized 
prototype  quadrupole  is  commencing  [9]. 

CONCLUSIONS 

The  transport  results  through  the  first  ten  electrostatic 
quadrupoles  show  good  beam  control,  agreement  with  an 
improved  envelope  model,  and  indicate  that  transport  at 
80%  beam  filling  factors  at  the  front  end  of  a  heavy-ion 
induction  linac  might  be  possible  with  acceptable 
emittance  growth  and  beam  loss.  Other  fill  factors  will  be 
measured.  Details  of  the  measured  phase  space 
distribution  are  being  used  to  initialize  particle-in-cell 
simulations  for  comparison  of  data  with  theoretical 
models.  Prototype  diagnostic  tests  show  that  higher  data 


acquisition  rates  and  sensitivity  to  more  correlations 
between  the  transverse  phase  space  measurements  will 
enhance  future  experimental  output. 

Future  measurements  of  secondary  electrons,  ions  and 
atoms  in  magnetic  quadrupoles  will  also  have  a  direct 
impact  on  future  heavy  ion  induction  accelerators. 

Because  the  injected  beam  is  non-uniform,  and 
inevitably  mismatched  to  a  small  extent,  the  first  few 
quadrupoles  in  the  HCX  lattice  as  well  as  the  quads  in  the 
matching  section  provide  a  region  where  the  beam 
distribution  can  relax.  While  10  or  20  quads  are  too  few 
for  settling  questions  of  emittance  evolution  in  a  long 
transport  system,  they  are  of  the  correct  length  for  the 
rapid  evolution  of  the  emittance  and  beam  profile,  which 
is  expected  in  the  front  end  of  an  accelerator.  An 
additional  20-30  quadrupoles  would  increase  the  transport 
length  to  4.5-6*(2jtv/(Op)  plasma  periods.  Theoretical 
models  predict  that  this  would  be  just  enough  to  observe 
the  relaxation  of  phase  space  and  distribution 
inhomogeneities  [4,  5].  This  leads  to  setting  the  bore 
diameter  and  choosing  the  optimum  current. 
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Abstract 

This  paper  describes  measurements  of  beam  spot  size 
and  emittance  of  eleetron  beams  from  a  pulsed  power 
photo-injector  operating  at  ISOkeV  output  energy.  In 
these  measurements,  electron  bunches  with  charge  up  to 
20  pC  were  created  by  a  300  fs  pulse  duration  Ti; 
Sapphire  laser  system  illuminating  a  polished  copper 
cathode.  Images  of  the  electron  beam  were  captured  at 
two  locations  downstream  from  a  solenoid  focusing 
magnet.  The  focal  spot  size  was  studied  as  a  function  of 
bunch  charge  and  accelerating  gradient.  Beam  waists 
down  to  85  microns  were  obtained.  The  focal  spot  size 
was  found  to  be  dominated  by  spherical  aberration  at  low 
beam  charges,  however  the  beam  trajectory  is  in  good 
agreement  with  simulation. 

INTRODUCTION 

Photo-injector  based  electron  sources  represent  the 
current  state-of-the-art  in  the  production  of  low  emittance, 
high  brightness  electron  beams.  Pulsed  power  devices  are 
capable  of  producing  and  maintaining  a  significantly 
higher  accelerating  gradient  than  other  accelerating 
schemes,  such  as  DC  and  RF  guns.  The  benefit  of  larger 
accelerating  gradient  is  investigated  in  section  one,  which 
presents  simulations  done  with  MAFIA  and  PARMELA 
of  the  electron  trajectories,  expected  beam  waist  size  and 
beam  emittance.  Section  two  describes  the  measurements 
of  emittance  made  with  the  pulse  power  photo-injector. 

SIMULATION 

The  electron  emission  from  the  pulsed  gun  as  been 
modeled  with  numerous  beam  simulation  packages  [1]. 
The  simulations  presented  here  were  performed  in  two 
stages.  MAFIA  was  used  to  simulate  the  electron  emission 
and  initial  acceleration.  In  the  interest  of  computational 
efficiency,  PARMELA  was  then  used  to  transport  the 
beam  through  the  solenoid  and  calculate  the  expected 
waist  size. 

The  geometry  used  for  simulation  in  MAFIA  is  shown 
in  fig.  1.  It  consists  of  two  parallel  electrodes,  an  anode 
and  a  cathode,  with  cylindrical  symmetry.  The  spacing 
between  the  electrodes  is  adjustable  (a  2mm  gap  is 
shown).  The  anode  contains  a  2mm  diameter  aperture  to 
allow  electron  emission.  The  cathode  is  biased  at  -150 
kV  DC.  A  statie  voltage  is  assumed,  as  the  real  voltage 
pulse  duration  is  3000  times  the  duration  of  the  photo¬ 
cathode  laser.  The  electron  bunch  has  a  Gaussian 
temporal  and  spatial  profile,  with  a  FWHM  of  300  fs  and 
0.43  mm,  respectively.  Thermal  emittance  has  been 
neglected  in  these  simulations,  however  previous 
simulations  [1]  for  similar  conditions  have  suggested  that 


the  typical  thermal  contributions  to  the  emittance  for  this 
geometry  is  0.17  mm-mrad. 


Figure  1  Geometry  used  in  MAFIA  (2mm  electrode 
spacing).  Field  plot  and  electron  bunch  also  shown. 


After  the  beam  has  passed  2mm  beyond  the  anode,  the 
4D  phase  space  and  charge  of  all  of  macro  particles  is 
recorded.  The  beam  properties  are  calculated  by  MAFIA 
at  this  point.  This  information  is  used  to  generate  an  input 
file  for  PARMEL  with  a  suitable  charge  distribution. 
PARMELA  is  used  to  transport  the  beam  through  the 
solenoid  and  predict  the  RMS  spot  size  at  the  location  of 
the  2“'^  BPM.  The  solenoid  field  was  adjusted  to  produce 
a  waist  at  this  location. 

This  combination  of  MAFIA  and  PARMELA  was  used 
to  simulate  the  beam  for  a  variety  bunch  charges.  The 
electrode  spacing  was  varied  in  MAFIA  as  well. 
Shortening  the  electrode  spacing  has  two  effects;  It 
increases  the  accelerating  gradient,  and  it  increases  the 
lensing  effect  caused  by  the  aperture  in  the  anode.  This 
lensing  effect  was  found  to  play  a  critical  role  in 
determining  the  predicted  focal  spot  size,  due  to  spherical 
aberration  in  the  solenoid  lens.  For  low  charge  (under 
IpC),  this  effect  is  the  dominant  factor  in  determining  the 
beam  spot  size,  and  therefore  limits  the  sensitivity  of  the 
emittance  measurement.  Figure  2  shows  PARMELA 
calculated  trajectories  for  the  0.5  pC  beam  emitted  from 
electrode  spacings  (gaps)  of  1  and  2  mm. 


.J.tc  "in  L.fLU  ,  I 

*  m  ?3D  jfl£  tilO 

Figure  2  PARMELA  simulations  of  beam  trajectory. 


The  simulation  results  are  shown  in  Table  1.  Note  that 
smaller  emittance  does  not  translate  to  smaller  focal 
dimension,  due  to  spherical  aberration.  The  bias  voltage 
on  the  cathode  is  150  keV.  Also  shown  is  a  case  where 
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the  anode  aperture  replaced  by  a  conductor  that  is  beam- 
transparent  (e.g.  a  foil  or  screen).  In  this  case  the  beam 
divergence  arises  solely  from  space  charge,  and  the  focal  - 


Parameters 

Mafia  Results 

PARMELA 

Norm. 

RMS 

RMS 

Size 

Gap 

Charge 

Emit. 

Div. 

Duration 

@  waist 

(mm) 

(pC) 

(mm-mrad) 

(mrad) 

(ps) 

(urn) 

1 

0.5 

0.12 

48 

0.13 

100 

1 

3 

0.48 

53 

0.18 

180 

1 

10 

0.98 

66 

0.32 

510 

2 

0.5 

0.15 

26 

0.14 

60 

2 

3 

0.51 

34 

0.25 

170 

2 

10 

0.90 

51 

0.53 

490 

1 

0.5 

0.12 

2 

0.12 

30 

Table  1  Simulation  results. 


MEASUREMENT 


Pulse  Generator 


The  device  used  to  generate  the  voltage  pulse  used  for 
acceleration  has  been  described  in  detail  elsewhere  [IJ. 
The  generator  can  deliver  pulses  from  150kV  to  1  MV  at 
the  cathode,  with  a  pulse  duration  of  1  ns  and  a  rise  and 
fall  of  100  ps.  The  pulse-to-pulse  amplitude  stability  of 
the  generator  is  about  5%.  The  cathode  consists  of  a  flat, 
polished  copper  surface,  with  the  edges  beveled  to  reduce 
field  enhancement.  The  anode  is  a  stainless  steel  plate 
with  a  2  mm  diameter  hole  in  the  center.  Micrometers 
external  to  the  vacuum  system  control  the  position  of  this 
plate,  allowing  the  inter-electrode  spacing  to  be  adjusted 
in-situ. 

The  laser  used  to  extract  electrons  from  the  cathode  was 
a  frequency  tripled,  regeneratively  amplified  Ti:  Sapphire 
system.  The  parameters  of  this  system  are:  up  to  80  pJ  of 
266  nm  light,  with  a  pulse  duration  of  300fs.  The  laser 
spot  on  the  cathode  had  a  FWHM  of  0.43mm.  The 
quantum  efficiency  (QE)  of  the  cathode  was  measured  to 
be  7x10'®  for  an  applied  field  of  -100  MV/m.  The  QE 
and  it’s  dependence  on  the  applied  field  has  been  studied 
previously  [1].  Synchronization  between  the  voltage  and 
the  photo-cathode  laser  is  accomplished  by  using  a  250mJ 
KrF  Excimer  laser  to  trigger  a  high  pressure  SF^  spark  gap 
in  the  pulser  transmission  line. 


Photocathode  &  Adjustable 
Anode 


m 

1 

— 

Solenoic 

11 

Pulse  Generator 

Triggered  by  Excimer 
Laser 


Figure  3  System  Schematic 


Emittance  Measurement 

To  measure  the  emittance,  a  solenoid-focusing  magnet 
has  been  placed  at  the  output  of  the  HV  diode  (fig.  3). 
The  current  to  the  solenoid  is  changed  to  vary  its  focusing 
strength.  Two  beam  profile  monitors  (BPM)  with  a  drift 
distance  of  15.4  cm  between  them,  are  located  down 
stream  from  the  solenoid.  Each  BPM  consists  of  a  ~30pm 
thick  layer  of  phosphor  (Gd202S:Tb)  deposited  on  a  37pm 
thick  A1  foil  mounted  perpendicular  to  the  beam  axis.  A 
metal  mirror  behind  the  foil  allows  the  phosphor  to  be 
imaged  onto  a  camera  outside  the  vacuum  system.  This 
mirror  is  electrically  isolated  and  connected  to  a  charge 
sensitive  preamplifier,  allowing  it  to  act  as  a  Faraday  Cup. 

For  these  measurements,  the  pulse  generator  was 
configured  for  a  maximum  voltage  of  150  kV.  Electrode 
spacings  of  1,  1.5  and  2  mm  were  investigated,  resulting 
in  accelerating  gradients  of  75-150  MV/m.  No  field 
emission  current  was  observed  at  these  gradients; 
previous  measurements!  1]  have  observed  the  onset  of 
significant  dark  current  only  at  fields  greater  than  600 
MV/m  for  a  well-conditioned  cathode. 


0  5  10  15  20  25 

Bunch  Charge,  pC 


Figure  4  Waist  size  vs  bunch  charge 

Figure  4  shows  the  measured  rms  beam  radius  at  BPM 
2  as  a  function  of  bunch  charge.  The  minimum  beam 
radius  measured  was  85  pm.  Figure  5  shows  several 
images  from  BPM  2,  including  cross  sectional  profiles. 
Both  the  experiment  and  the  PARMELA  simulations 
indicate,  as  the  beam  charge  is  increased  from  0.3  pC  to 
11  pC,  the  spot  size  progresses  from  a  spherical  aberration 
dominated  regime  to  a  space  charge  dominated  regime. 
The  cross  sectional  profiles  in  the  space  charge  dominated 
regime  deviate  significantly  from  the  Gaussian 
distribution  in  both  the  simulations  and  experiments.  The 
images  at  BPM  1  could  only  be  obtained  for  high  charge 
values  (greater  than  5  pC),  as  sufficient  charge  was 
required  to  cause  observable  illumination  from  the 
phosphor.  For  these  shots,  the  measured  spot  varied  from 
2.3mm  to  3.5mm  RMS.  Images  in  BPM  1  and  BPM  2 
with  similar  experimental  parameters  were  paired  for  the 
emittance  calculation.  Similar  charge  values  could  not 
always  be  obtained,  as  a  minimum  of  5  pC  was  required 
to  obtain  an  observable  image  on  the  F'  BPM. 
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Figure  5  Images  obtained  with  2'“*  BPM.  Gaussian  fit  to 
cross  section  above  half  max  is  displayed.  The  image  for 
the  0.3  pC  case  is  too  faint  to  show  in  print.  PARMELA 
simulation  (not  shown)  agrees  with  the  measured  profiles. 

Emittance  Estimate 

Due  to  the  limitations  imposed  by  the  presence  of 
spherical  aberration,  this  measurement  is  not  very  sensitve 
to  the  beam  emittance.  To  make  a  measurement  of 
emittance  using  a  two  position  technique,  it  is  necessary 
that  the  beam  spot  approaching  the  focus  be  dominated  by 
the  beam  emittance  [2].  In  this  case,  for  charges  above  1- 
2pC  the  beam  waists  shown  in  figure  3  are  space  charge 
dominated.  Below  this  value  in  our  experimental 
arrangement,  the  spherical  aberration,  rather  than  the 
emittance  or  charge,  is  the  dominant  factor.  However,  for 
cases  where  the  space  charge  is  not  dominant,  we  can 
assume  that  the  measured  waist  size  is  a  sum  in 
quadrature  of  aberration  and  emittance  terms.  The 
emittance  can  then  be  estimated  by: 


mrad.  Here  the  assumption  that  space  charge  can  be 
ignored  is  probably  not  valid,  so  this  case  is  likely  an 
upper  bound.  The  current  density  at  the  cathode  in  this 
case  is  2.3  kA/cm^,  comparable  to  that  in  RF  guns.  For 
these  parameters,  the  simulations  predict  the  beam  at 
emission  to  be  limited  by  thermal  emittance  to  -0.2  mm- 
mrad. 

In  addition  to  spherical  aberration,  other  factors  tend  to 
increase  the  spot  size  at  BPM  2.  The  shot-to-shot 
fluctuation  of  the  beam  energy  shifts  the  focus  around  the 
location  of  BPM  2,  introducing  uncertainty  in  the  location 
of  the  waist.  In  addition,  the  larger  spot  measured  on 
BPM  1  must  contain  a  charge  of  at  least  5  pC  for  the 
image  to  be  visible.  The  measured  CTj  is  thus  larger  than 
that  expected  for  low  charges.  Both  of  these  effects  will 
tend  to  cause  overestimation  of  the  beam  emittance. 

CONCLUSION  &  FUTURE  PLANS 

Photoemission  from  a  copper  cathode  has  been 
observed  with  a  300  fs  laser.  The  resulting  electron  bunch 
has  been  accelerated  using  a  pulsed  high  voltage  to  an 
energy  of  150  keV.  This  beam  has  been  focused  by  a 
solenoid,  and  beam  profiles  have  been  acquired  at  two 
BPMs.  The  waist  size  is  dominated  by  spherical 
aberration  in  these  cases,  reducing  the  resolution  of  the 
emittance  measurement.  An  emittance  value  of  0.5  mm- 
mrad  for  a  current  density  at  emission  of  0.7  kA/cm^  was 
obtained. 

Simulations  have  demonstrated  that  the  spherical 
aberration  is  caused  by  the  anode  aperture  and  resulting 
large  beam  divergence.  Increasing  the  electrode  gap  will 
reduce  this  effect,  while  covering  the  anode  aperture  with 
a  foil  or  conducting  screen  will  remove  it. 

We  plan  to  increase  the  voltage  to  ~900kV  and  measure 
emittance  for  higher  gradients.  We  will  also  improve  the 
diagnostic  system  to  reduce  or  remove  the  spherical 
aberration;  this  will  improve  the  resolution  of  our 
emittance  measurement. 
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Here  represents  the  beam  radius  at  the  beam  waist 
(BPM  2)  with  the  aberration  removed,  <Ji  represents  the 
beam  radius  at  the  BPM  1  and  L  is  the  drift  distance 
between  the  two  BPMs.  Using  the  smallest  spot  obtained 
(85  pm),  the  normalized  emittance  for  a  low  charge  (~  .1 
pC)  is  0.6+0.4  mm-mrad.  The  0.3  pC  spot  shown  in 
figure  5  (104  pm)  yields  an  emittance  of  0.5±0.5  mm- 
mrad.  For  a  charge  of  1  pC,  the  emittance  is  1. 2+0.7  mm- 
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Abstract 

Performance  requirements,  design  concepts,  and  test 
results  for  a  prototype  multipulse  kicker  modulator  based 
on  solid-state  switches  and  a  voltage-adding  transformer 
topology  are  described.  Tape-wound  cores  are  stacked  to 
form  the  transformer  primary  windings  and  a  cylindrical 
pipe  that  passes  through  the  circular  inner  diameters  of 
the  cores  serves  as  the  secondary  winding  of  the  step-up 
transformer.  Boards  containing  MOSFET  switches, 
trigger  circuitry,  and  energy-storage  capacitors  plug  into 
the  core  housings.  A  50  kV  prototype  modulator  that 
meets  most  of  the  facility  requirements  has  been 
designed,  fabricated,  and  tested  at  LLNL.  More  recent 
work  has  been  concerned  with  designing  and  testing  cores 
and  boards  with  the  full  volt-second  capability  needed  for 
24-pulse  operation.  Results  of  the  50  kV  prototype  tests, 
preliminary  tests  of  the  full-volt-second  cores  and  boards, 
and  future  development  needs  are  described. 

INTRODUCTION 

In  the  Advanced  Hydrotest  Facility  (AHF)  proposed  by 
Los  Alamos  National  Laboratory,  individual  proton 
bunches  will  be  extracted  from  a  50-GeV  synchrotron  by 
bunches  will  be  extracted  from  a  50-GeV  synchrotron  by 
two  50-ohm  parallel-plate  transmission-line  kickers  that 
each  produce  an  arbitrary  time  sequence  of  up  to  24 
kicks.  In  order  to  maximize  the  kick  while  minimiying 
the  pulser  voltage,  the  kickers  are  operated  in  a  push-pull 
mode,  a  positive  voltage  pulse  being  applied  one  side  and 
a  negative  pulse  with  equal  magnitude  to  the  other.  The 
vertical  plane  between  the  two  plates  is  a  virtual  ground 
when  the  pulses  on  the  two  sides  are  identical  except  for 
sign.  Each  side  of  the  kicker  separately  represents  a  50- 
ohm  load  and  is  separately  terminated  with  a  50-ohm 
resistor.  A  kicker  modulator  capable  of  generating  a 
string  of  approximately  25  pulses  at  arbitrary  times  within 
a  total  time  of  100  microseconds  or  more  is  needed. 
Pulses  with  a  50  kV  flattop  of  ±1%  flatness  and  75  ns 
duration,  together  with  rise  and  fall  times  of  65  ns  or 
shorter  are  required.  Allowable  after-pulse  ringing  and 
modulator  output  baseline  changes  are  defined  by  the 
requirement  that  the  circulating  beam  bunches  remaining 
in  the  ring  after  a  bunch  pair  has  been  kicked  out  not  be 
disturbed;  the  maximum  allowable  baseline  shift  in  AHF 
is  300  V,  300  ns  after  the  trailing  edge  of  the  pulse, 
although  less  baseline  shift  would  be  desirable.  The 
requirements  eannot  be  met  with  the  commonly  used 
pulse-forming  cables  or  networks  (PFNs)  switched  with 
thyratrons.  Accordingly,  an  ED&D  program  to  build  and 
test  a  solid-state  modulator  using  a  voltage-adding 
transformer  was  started  at  LLNL  in  the  year  2001 . 

*  Research  supported  by  US  Dept,  of  Energy  under  contracts 
W-7405-Eng-36  (LANL)  and  W-7405-Eng-48  (LLNL). 
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Fig.  1:  Simplified  circuit  schematic  for  the  voltage- 
adder  concept. 

THE  VOLTAGE-ADDER  CONCEPT 

The  present  voltage-adder  kicker  modulator  concept 
(see  Fig.  1)  is  an  outgrovidh  of  solid-state  pulsed- 
modulator  development  for  induction  accelerators  at 
Livermore  and  is  based  on  that  of  an  existing  20  kV 
modulator  built  by  the  Lawrence  Livermore  National 
Laboratory  for  the  DAHRT  facility  at  LANL[1].  The 
voltage  adder  is  basically  a  step-up  transformer  with 
many  separately  powered  parallel  single-turn  primary 
windings  and  a  series-connected  secondary  winding  that 
couples  to  all  of  the  cores.  The  transformer  is  formed 
from  a  stack  of  annular  magnetic  cores  wound  from 
Metglas  or  other  high-permeability  magnetic  tape 
material.  The  output  circuit  is  formed  by  a  center 
cylinder  that  passes  through  the  center  of  the  core  stack. 
Pulses  of  either  positive  or  negative  polarity  are  produced 
depending  upon  which  end  of  the  stack  is  grounded,  a 
feature  that  is  useful  in  powering  push-pull  kickers. 
Circuit  boards  with  12  parallel  MOSFET  switches  plug 
into  the  spaces  between  Ae  core  housings.  Energy  for  the 
pulses  is  stored  in  capacitors  on  the  boards.  Intrinsic 
switching  times  for  the  MOSFETS  are  approximately  1 5 
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ns.  Rise  times  for  output  pulse  of  the  entire  stack  are 
considerably  longer  than  15  ns,  due  to  a  combination  of 
various  effects,  including  the  MOSFET  switching  time, 
circuit  inductances,  and  the  finite  length  of  the  modulator. 
For  a  50-kV  pulser  that  is  10  feet  tall,  the  two-way  transit 
time  of  a  TEM  pulse  from  the  top  of  the  stack  to  the 
bottom  and  back  to  the  top  is  approximately  20  ns.  The 
actual  0-100%  rise  time  for  a  50-kV  prototype  pulser 
turned  out  to  be  approximately  40  ns,  not  including  some 
overshoot  at  the  front  of  the  pulse.  Each  core  provides 
approximately  700  V  to  the  output  pulse;  for  50  kV 
output,  cores  are  sized  to  provide  the  required  volt- 
seconds  for  the  output  pulse  train,  which  for  AHF  is  0.35 
V-s  for  the  entire  stack.  Additional  circuits  can  be 
switched  in  to  compensate  for  capacitor  voltage  droop  in 
a  long  pulse  train. 


THE  50  KV  PROTOTYPE  MODULATOR 


Fig.  2:  Single-stack  50  kV  modulator 


A  staged  hardware  development  plan  for  the  modulator 
was  described  in  a  paper  given  at  the  2001  Particle 
Accelerator  Conference  [2].  The  objective  of  the  2001 
Stage  1  effort  was  a  proof-of-principle  demonstration  of  a 
50  kV  solid-state  modulator  that  could  meet  most  of  the 
pulse  requirements  for  the  AHF  extraction  kicker  except 
the  full  volt-seconds  of  the  24-pulse  burst.  To  minimize 
cost  and  expedite  the  demonstration,  the  modulator  used 
many  parts  designed  to  meet  DARHT  requirements.  The 
modulator  was  fabricated  and  tested  with  a  dummy  50- 
ohm  load  in  2001.  The  prototype  kicker  modulator 
consisted  of  70  toroidal  transformer  modules  with  drive 
circuits.  Initially,  the  cells  were  arranged  in  two  columns 
with  a  crossover  conductor  connecting  the  center  rods  of 
the  two  stacks  together.  In  initial  tests  of  the  prototype,  a 


peak  voltage  of  ~  43kV  into  a  50Q  load  was  achieved. 
This  was  the  maximum  output  voltage  that  could  be 
achieved  without  over  stressing  the  MOSFETs  with 
regard  to  their  drain-to-source  voltage  (the  devices  used 
have  a  maximum  drain-source  rating  of  lOOOV  and  ~  970 
volts  was  measured  during  the  turn-off  of  the  devices). 
The  voltage  stress  was  due  to  the  inductive  voltage  spike 
generated  as  a  result  of  the  very  fast  turn-off  of  the 
MOSFETs  {<  10ns)  and  the  subsequent  dl/dt  (-SbkA/ps). 
The  circuit  boards  were  therefore  modified  to  slow  down 
the  fall  time  of  the  gate  drive  pulse  and  the  turn-off  time 
of  the  power  MOSFETs.  After  the  making  the  above  and 
other  modifications  to  circuit  boards,  the  modulator  stack 
was  rebuilt.  In  the  rebuilding,  changes  were  made  to  the 
output  cable  connections  and  the  double-stack 
configuration  was  changed  to  a  single-stack  configuration 
to  reduce  impedance  mismatch  effects  on  the  output 
pulse.  The  reconfigured  modulator,  shown  in  Fig.  2,  is  a 
structure  approximately  10  feet  tall.  The  reconfigured 
modulator  was  tested  at  50  kV  into  a  50-ohm  load  at  a  5 
MHz  burst  frequency.  A  five-pulse  burst  is  shown  in  Fig. 
3. 
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Fig.  3:  50  kV  five-pulse  burst  from  the  prototype 
modulator 

The  ripple/droop  over  the  entire  flattop  of  the  pulse  of 
Fig.  3  is  ~  ±1 .2%.  The  pulse  rise  time  is  well  within  AHF 
requirements  (measured  at  ~23ns  at  T0%-90%)  and  the 
pulse  fall  time  is  close  to  the  maximum  allowed  (~46ns  at 
10-90%  but  closer  to  70ns  at  0%-100%).  The  pulse  fall 
time  was  observed  to  increase  substantially  (from  ~20ns 
to  ~  50ns)  as  the  output  voltage  increased  from  40kV  to 
50  kV.  Measurements  indicated  that  some  of  the 
MOSFETs  were  turning  back  on  during  turn-off  due  to 
energy  coupled  through  the  Miller  capacitance  into  the 
gate  drive  circuit.  Discussions  with  the  MOSFET  vendor 
indicated  that  newer  devices  are  now  available  that  have  a 
smaller  Miller  capacitance.  Slight  changes  to  the  gate 
drive  circuit  would  also  reduce  the  susceptibility  to  turn¬ 
on.  Eliminating  device  tum-on  by  either  of  these  options 
could  reduce  the  output  pulse  fall  time  to  the  range  of  20- 
30ns  and  easily  exceed  AHF  pulse  requirements.  The 
inter-pulse  voltage  drops  to  less  than  250  volts  within 
approximately  300ns  and  meets  requirements.  Most  of 
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the  voltage  that  appears  on  the  output  after  the  main  pulse 
is  due  to  the  transformer  magnetization  current,  which 
increases  with  each  pulse  of  the  burst  and  reaches 
maximum  value  after  the  last  pulse  of  the  burst.  The 
voltage  that  is  generated  in  the  primary  circuit  by  the 
magnetization  current  decay  is  coupled  into  the  secondary 
circuit  and  appears  as  a  voltage  (opposite  polarity  to  main 
pulses)  on  the  output.  The  duration  of  the  voltage  is 
determined  by  the  HR  time-constant  where  L  is  the 
transformer’s  primary  inductance  and  R  is  the  resistance 
in  the  path  of  the  magnetization  current.  Another 
contributor  to  the  intra-pulse  voltage  is  the  very  slight 
impedance  mismatch  between  the  adder  stalk  and  the 
cable.  The  prototype  modulator  has  demonstrated  the 
capability  of  meeting  most  of  the  AHF  pulse  parameters. 
Two  parameters  that  cannot  be  met  due  to  hardware 
limitations  are  the  full  24-pulse  burst  and  voltage  droop 
over  the  entire  burst.  The  transformer  therefore  needed  to 
be  redesigned  to  have  more  volt-seconds  to  satisfy  the 
burst  requirement  and  the  drive  boards  redesigned  to  have 
a  much  larger  storage  capacitance  to  satisfy  the  droop 
requirement. 

DEVELOPMENT  OF  IMPROVED  CORES 
AND  DRIVE  BOARDS 

As  the  number  of  pulses  in  a  burst  increases,  it  becomes 
more  difficult  to  meet  the  intra-pulse  voltage  requirement 
because  magnetization  current  increases  with  each  pulse 
of  the  burst.  Therefore,  in  addition  to  increasing  pulse 
number  and  quality,  one  of  the  goals  of  the  drive  board 
design  and  transformer  design  is  to  better  dampen  the 
magnetization  current  and/or  reduce  the  magnetization 
current. 

Core  Development  for  the  24-pulse  modulator 

The  objective  of  the  core  development  effort  of  2002  was 
to  increase  the  magnetic  core  cross-sectional  area  to 
handle  24-pulse  burst  requirement  and  to  reduce  the 
magnetization  current.  The  baseline  design  approach  was 
to  use  for  the  core  material  Metglas™  SAl.  With  a 
mean  pulse  width  of  150ns,  24  pulses  in  the  burst,  and  a 
charge  voltage  of  750  volts,  each  core  must  provide  a 
minimum  of  2.70x10'^  V-s.  Empirical  data  indicate  that 
the  useable  AB  for  SAl  is  ~  1.46  T.  Adding  a  20  % 
safety  factor  gives  a  minimum  core  area  of  4  in^. 
However,  As  the  magnetic  core  is  not  the  major  cost 
driver  (~25%  of  total  modulator  costs),  there  is  little 
incentive  to  minimize  the  core  volume  other  than  to  keep 
the  modulator  reasonable  in  size.  On  the  other  hand, 
there  is  a  strong  motivation  to  have  more  core  volume 
than  required;  the  transformer  should  never  saturate  under 
any  reasonable/normal  operating  condition  and  any  extra 
core  material  serves  to  reduce  the  peak  magnetization 
current.  Metglas™  SAl,  and  annealed  nanociystalline 
and  transverse  annealed  nanocrystalline  cores  of  the  same 
geometry  as  the  new  SAl  cores  were  procured  and  tested. 
The  measurements  showed  that  due  to  its  higher 
permeability,  the  nanocrystalline  material  has 


substantially  lower  magnetization  current  (-40%  of  SAl 
for  the  same  core  geometry),  but  has  approximately  70% 
of  the  available  volt-seconds.  In  view  of  these  results, 
some  type  of  nanocrystalline  core  is  the  preferred 
approach  for  future  work. 

Improved  Drive  Board  Design 

The  most  efficient  approach  to  meeting  the  full  AHF  V-s 
requirement  is  to  incorporate  as  much  capacitance  as 
possible  on  a  board  layout  that  is  reasonable  in  size  and 
cost  and  to  incorporate  extra  adder  cells  into  the  final 
pulser  design.  Using  boards  with  a  new  high  energy- 
density  12  |iF  capacitor,  the  load  voltage  will  have 
drooped  1%  (500  volts)  by  the  13’*'  pulse.  To  compensate 
for  this  droop,  additional  adder  cells  charged  to  can  be 
brought  on  line  at  various  times  through  the  pulse  train. 
A  new  drive  board  incorporating  the  new  capacitors, 
improved  MOSFETS,  and  some  other  improvements  was 
designed  and  successfully  tested  together  with  the  new 
cores  in  a  four-cell  stack.  Based  on  these  results,  a 
modulator  with  four  extra  compensation  drive 
circuits/cells  is  expected  to  meet  the  AHF  requirements. 

SUMMARY  AND  PLANS  FOR  FUTURE 
DEVELOPMENT 

A  50  KV,  1000  A  pulsed  kicker  modulator  meeting  the 
objectives  of  Stages  1  and  2  the  original  development 
plan  [2]  has  been  designed  and  successfully  tested.  At 
present,  due  to  lack  of  funding,  execution  of  Stage3  (a 
full-scale  modulator  capable  of  producing  the  entire  pulse 
train  for  AHF)  has  been  postponed  indefinitely. 
Nevertheless,  a  highly  promising  new  modulator 
technology  has  been  demonstrated.  It  is  likely  that  the 
demonstrated  voltage-adder  approach  will  find  use  in 
accelerator  technology  and  will  eventually  displace  PFNs 
switched  by  gas-filled  thyratron  tubes  in  many 
applications. 
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Figure  1;  NLC  Hybrid  modulator  schematic.  The  solid  state  switch 
pulses  3500  A  at  80  kV  to  drive  two  500  kV  265  A  klystrons. 


Abstract 

Diversified  Technologies,  Inc.  has  received 
Phase  II  SBIR  grants  from  the  DOE  for  the 
application  of  solid-state  switching  to  the  Next 
Generation  Linear  Collider.  Under  the  first  of 
these,  DTI  delivered  a  hybrid  modulator  to  SLAC 
in  October  2002  for  assessment.  The  modulator 
uses  a  solid-state  series  IGBT  switch  and  a 
conventional  pulse  transformer  to  cathode  pulse 
two  klystrons  at  500  kV,  530  A,  with  tight  voltage 
regulation  and  pulse  flattop. 

During  this  effort,  the  pulse  transformer  was 
determined  to  be  an  obstacle  to  increased 
modulator  performance.  A  second  grant  was  received  to 
develop  a  low  impedance  toroidal  pulse  transformer,  to 
operate  efficiently  in  the  hybrid  modulator.  Under  a  third 
grant,  DTI  investigated  transformerless  options  for  solid 
state  switching,  and  tested  a  scale  prototype  of  a  500  kV 
Marx  switch  for  Improved  efficiency. 

This  paper  describes  results  fi-om  the  hybrid  modulator 
and  Marx  switch  development  efforts. 

1  INTRODUCTION 

Diversified  Technologies,  Inc.  (DTI)  has  over  a  decade 
of  experience  in  developing  high  voltage  pulsed  power 
systems  using  solid-state  technology.  DTI  has  obtained 
multiple  SBIR  grants  from  the  Department  of  Energy  to 
support  the  modulator  development  efforts  for  the  Next 
Linear  Collider  (NLC).  The  NLC  will  require  -1600 
klystrons,  with  a  power  load  of  over  120  MW.  The  goal 
of  these  efforts  is  to  develop  modulator  technology 
capable  of  reducing  the  operating  costs  associated  with 
the  NLC  and  other  large  RF  systems. 

DTI’s  solid-state  modulators  are  built  from  series  stacks 
of  IGBTs,  configured  for  very  high  voltage  standoff,  and 
operated  as  single  ideal  SPST  switches.  These  switches 
can  open  quickly  (<  1  ps)  under  normal  or  even  fault  load 
currents,  eliminating  crowbar  circuits  and  providing  a 
high  degree  of  load  protection. 

The  near-ideal  properties  of  solid-state  switches  make 
them  well  suited  to  remedy  the  inefficiencies  of 
conventional  line  modulators.  The  challenging 
specifications  of  NLC  klystron  operation  have  required 
additional  switch  development  through  these  programs. 

2  HYBRID  MODULATOR 

A  "hybrid  modulator”  uses  a  storage  capacitor,  a  solid- 
state  switch  and  a  pulse  transformer  (Figure  1).  The 


switch  provides  a  high  current  pulse  (~  3500  A)  into  the 
pulse  transformer  at  approximately  80  kV.  The  load  on 
the  secondary  of  the  transformer  is  two  parallel  NLC 
klystrons,  operating  at  500  kV  with  a  combined  load  of 
1.5  pP  (530  A),  for  3  ps  flattops  of  +/-  3%. 

The  resulting  system  is  shown  in  Figure  2.  The  pulse 
transformer  is  in  the  foreground,  and  the  solid  state  switch 
in  the  background.  Controls  are  above  the  switch.  The 
entire  assembly  is  constructed  to  drop  into  a  dual  oil  tank 
for  cooling  and  insulation.  Auxiliary  systems  are 
included  for  core  bias  and  dual  filament  control.  The  full 
system  was  tested  at  DTI,  and  shipped  to  SLAC  for 
further  testing  and  for  support  of  the  klystron 
development  efforts  (Figure  3)  in  Fall  2002. 


Figure  2:  Hybrid  modulator  assembly,  ready 
for  immersion  in  oil. 
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Figure  3:  Hybrid  Modulator  in  tank  at  SLAC,  with  a 

SLAC  5045  klystron  in  a  load  socket. 

The  critical  performance  constraint  on  the  hybrid 
modulator  is  primary  circuit  inductance,  to  meet  the  high 
primary  current  and  fast  risetime  desired,  at  the  relatively 
low  primary  voltage.  The  switch  accounted  for  this 
problem  by  assembly  on  a  distributed  transmission  line. 
These  transmission  line  characteristics,  together  with  the 
product  of  the  transformer  primary  leakage  inductance 
and  secondary  parasitic  capacitance,  determine  the  pulse 
risetime. 

Preliminary  tests  at  DTI  show  that  fast  risetime  has 
been  achieved.  Figure  4  shows  the  voltage  waveform  of  a 
test  pulse  into  a  990  O  load  at  DTI.  Note  the  overshoot 
and  the  ripple  -  both  effects  of  the  difference  between  the 
test  (resistive)  load  and  the  design  (perveance)  load. 

Initial  tests  at  SLAC  were  performed  using  a  single 
5045  klystron,  but  with  the  cathode  operated  in 
temperature  limited  mode  to  mimic  the  effective  1.5  pP  of 
the  NLC  design  load.  Figure  5  shows  a  nominal  pulse  at 
421  kV  cathode  voltage.  Additional  inductance  was 
added  to  the  primary  circuit  for  initial  operation,  as  a 
safety  factor  for  load-arcs.  Note  the  slower  risetime  than 
in  Figure  4.  The  full  assembly  also  includes  a  small  two 
stage  tuned  LC  circuit,  with  about  10  kV  of  authority, 
which  flattens  out  the  capacitor  droop  during  the  pulse. 
The  resulting  flattop  is  better  than  +/-  0.5%,  well  within 
the  +/-  3.0%  specification. 

The  most  challenging  aspect  of  the  hybrid  modulator  is 
arc  protection.  DTI’s  solid-state  switches  sense 
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Figure  4:  Fast  pulse  data  at  500  kV,  into  a  990Q  load. 


Figure  5;  Hybrid  modulator  operation  at  SLAC.  Load 
is  5045  klystron,  with  the  cathode  operated  in 
temperature  limited  mode  for  an  effective  1.5  pP  load. 

overcurrent  conditions,  which  then  command  all  the  series 
switches  to  shut  off.  The  response  time  of  this  event  is 
approximately  750  ns.  For  the  hybrid  modulator,  high 
current  and  high  speed  operation  place  a  very  large 
demand  on  the  capability  of  the  solid-state  switch  to  open 
under  large  fault  loads.  The  NLC  hybrid  switch  is  rated 
for  10  kA  opening.  Figure  6  shows  a  typical  arc  of  the 
overdriven  5045  klystron  during  testing  at  SLAC.  The 
upper  trace  shows  the  cathode  voltage,  which  collapses 
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Figure  6:  Hybrid  modulator  with  a  load  arc  at  420  kV. 
The  load  (5045  klystron)  arcs  at  about  2.5  ps.  The 
switch  safely  opens  under  full  fault  primary  currents. 
The  lag  time  is  about  1  ps  between  arc  occurrence  and 
switch  opening.  (Primary  current  shown  at  reduced 
bandwidth.) 
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Figure  7:  Single  cell  Marx  switch  risetime  tests  show 
very  high  speed.  Both  shots  at  10  kV.  Faster  one  into 
59  ohms,  slower  one  into  21  ohms. 

from  421  kV  at  the  arc.  The  middle  trace  shows  the 
cathode  current.  There  is  a  sharp  spike  of  current  as  the 
parasitic  capacitance  of  the  pulse  transformer  discharges 
into  the  cathode,  followed  by  a  slower  current  rise  as  the 
primary  circuit  begins  to  deliver  additional  current.  The 
lowest  trace  shows  the  primary  current,  which  opens  at  a 
bit  under  4  kA,  about  1  ps  after  the  arc  is  detected  (this 
signal  is  processed  through  a  reduced  bandwidth 
amplifier). 

A  large  part  of  the  speed  limitation  in  the  primary 
circuit,  aside  from  the  inserted  “safety  inductance”  (which 
will  be  reduced  as  testing  continues),  is  due  to  the  pulse 
transformer.  Presently,  this  is  a  conventional  Stangenes 
transformer  (quadrifilar,  slanted  basket,  with  a  Lord 
winding).  Under  a  separate  SBIR,  we  are  developing  an 


Figure  8:  Proposed  500  kV  “desk  size”  250  A 
modulator. 


improved  pulse  transformer  of  toroidal  geometry  (based 
on  work  originally  proposed  by  Kazarezov,  [1])  for 
integration  into  the  hybrid  modulator  at  a  later  date. 

3  TRANSFORMERLESS 
ARCHITECTURE 

In  parallel  SBIR  efforts,  DTI  is  improving  the  overall 
power  efficiency  and  performance  by  eliminating  the 
pulse  transformer  altogether  -  motivated  by  a  5-10%  net 
energy  savings.  Originally,  two  topologies  were 
examined:  a  hard  switch  with  a  500  kVDC  supply,  and  a 
Marx  switch  [2].  Design  studies  and  scale  experiments 
have  led  us  to  concentrate  on  the  Marx  for  further 
development. 

A  solid  state  Marx  switch  is  somewhat  different  than 
conventional  Marx  switches  fired  by  thyristors  or  spark 
gaps  because  the  capacitors  do  not  fiilly  discharge  during 
a  pulse.  Instead,  the  opening  capabilities  of  the  IGBT 
series  switches  are  used,  so  that  the  intra-stage  capacitors 
act  as  filters,  and  are  only  shallowly  discharged.  A  very 
fast  risetime  and  very  high  quality  flattop  can  be  delivered 
this  way.  The  critical  cost  &  performance  requirement  for 
the  Marx  switch  is  parasitic  capacitance  -  analogous  to 
the  role  of  primary  inductance  in  the  hybrid  modulator. 

A  scaled  (50  kV,  full  current)  Marx  switch  of  five 
stages  was  built,  and  is  presently  undergoing  final 
assessment  at  DTI.  Figure  7  shows  a  single  stage  pulse, 
demonstrating  the  very  fast  risetime  of  the  configuration. 
Design  studies  suggest  that  a  full  specification  Marx 
switch  for  a  single  klystron  (500  kV  265  A)  will  be 
“desktop”  size  as  shotvn  in  Figure  8. 

4  SUMMARY 

We  have  a  continuing  advanced  solid-state  modulator 
development  program  to  support  the  NLC  efforts.  These 
pulse  power  systems  will  improve  performance  and 
reduce  operating  costs  of  the  NLC  when  built,  and  are 
presently  aiding  in  the  klystron  development  efforts  as 
well.  Several  advanced  technologies  are  under 
development,  and  one  system  -  the  hybrid  modulator  - 
has  been  delivered  to  SLAC  for  further  assessment  and 
use  in  klystron  development  and  testing. 

5  REFERENCES 

[1]  Kazarezov,  et.al.,  “Pulse  Transformer  for  the  NLC 

Klystron”. 

[2]  A.  Krasnykh,  R.  Akre,  S.  Gold,  and  R.  Koontz,  “A 
Solid-state  Marx  Type  Modulator  for  Driving  a  TWT,” 
24"'  International  Power  Modulator  Symposium,  2000, 
Norfolk  VA,  USA.  “Analyses  for  Klystron  Modulator 
Approaches  for  NLC”,  International  Linac  Conference, 
Monterey  CA,  USA 

This  work  has  been  supported  by  DOE  SBIR  grants  (DE- 
FG02-99ER82775  and  DE-FG02-99ER82776).  We 
appreciate  the  assistance  of  our  colleagues  at  the  Stanford 
Linear  Accelerator  Center. 


549 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


DESIGN,  DEVELOPMENT,  AND  CONSTRUCTION  OF  SNS  EXTRACTION 

FAST  KICKER  SYSTEM  * 

W.  Zhang,  J.  Sandberg,  R.  Lambiase,  Y.Y.  Lee,  R.  Lockey,  J.  Mi,  T.  Nehring,  C.  Pai,  N.  Tsoupas, 

J.  Tuozzolo,  D.  Warburton,  and  J.  Wei 
Brookhaven  National  Laboratory,  Upton,  NY  1 1973,  USA 

K.  Rust,  and  R.  Cutler 

Oak  Ridge  National  Laboratory,  Oak  Ridge,  TN  37831 


Abstract 

The  SNS  accumulator  ring  extraction  fast-kicker  system 
was  design,  developed,  and  prototype  tested  at  the 
Brookhaven  National  Laboratory.  Its  construction  has  just 
begun.  The  system  is  for  one-tum  fast  extraction  ejecting 
proton  beam  from  the  ring  into  the  extraction  septum  gap 
and  further  deflecting  into  the  ring-to-target  beam 
transport  line.  The  system  consists  of  fourteen  high- 
voltage  modulators,  their  local  control  and  auxiliary 
systems,  and  fourteen  window  frame  magnet  sections. 
High-voltage  transmission  cables  will  be  used  for  pulse 
transmission  from  modulators  to  their  corresponding 
magnet  sections.  The  high-voltage  and  high-current  pulse 
has  a  rise  time  about  200  ns,  a  pulse  duration  about  700 
ns,  and  a  current  amplitude  above  2500  Amp  per 
modulator.  The  modulator  design  features  a  Blumlein 
Pulse-Forming-Network  with  ultra-low  inductance  high 
energy  storage  pulsed  capacitors,  an  ultra-fast  high-power 
hollow  anode  thyratron,  a  parallel  resistor  stack  for  low 
beam-impedance  termination,  and  a  saturable  inductor 
stack  for  beam  current  isolation  and  pulse  rise  time 
sharpening.  This  design  is  driven  by  the  considerations  of 
low  beam  loss,  high  maintainability  and  reliability.  All 
high  voltage  modulators  will  be  placed  outside  the  ring 
tunnel  and  the  system  is  immune  to  one-kicker  failure.  In 
addition,  the  enlarged  magnet  aperture  can  accept  all  four 
working  points.  The  design  concept  has  been  successfully 
proven  by  the  prototype  test.  The  techniques, 
considerations,  and  other  related  issues  of  the  system 
design,  development  and  construction  are  discussed  in 
this  paper. 

INTRODUCTION 

The  SNS  beam  extraction  will  be  a  single  turn,  two-step 
process.  The  fast  extraction  kicker  will  eject  beam  into  a 
Lambertson  septum  and  deflecting  further  into  the  Ring  to 
Target  Beam  Transport  (RTBT)  line. 

A  set  of  fourteen  full  aperture  kickers  will  be  used  to 
eject  1  GeV  proton  beam  vertically  from  the  Accumulator 
Ring.  It  will  take  place  at  one  of  the  four  dispersion  free 


*  SNS  is  managed  by  UT-Battelle,  LLC,  under  contract  DE-AC05- 
OOOR22725  for  the  U.S.  Department  of  Energy.  SNS  is  a  partnership  of 
six  national  laboratories:  Argonne,  Brookhaven,  Jefferson,  Lawrence 
Berkeley,  Los  Alamos,  and  Oak  Ridge. 


Straight  sections,  as  shown  in  Figure  1.  Seven  kicker 
magnets  are  to  be  located  upstream  of  the  narrow 
quadrupole  doublet  and  seven  downstream  of  it. 
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Figure  1:  SNS  Accumulator  Ring  Layout 

A  crucial  part  in  this  design  is  the  high  power  pulse 
inodulator  system  [1]  [2]  [3].  It  is  one  of  the  largest  fast 
kicker  systems  in  its  class.  The  combined  maximum 
system  output  power  will  reach  to  several  GVA.  It  will 
consist  of  fourteen  high  voltage  modulators  located 
outside  of  the  tunnel  in  a  dedicated  service  building,  and 
their  auxiliary  power  and  control  system.  Pulse 
transmission  will  be  earned  out  by  high  voltage  pulsed 
cables  from  modulators  to  kicker  magnets.  Ilie  basic 
system  layout  is  shown  in  Figure  2. 


Figure  2;  SNS  extraction  fast  kicker  system  layout 

The  updated  main  parameter  specifications  [4]  are 
listed  in  Table  1. 


Table  1  Revised  Main  Parameter  Specifications 


Beam  Rigidity 

5.6575  T-M 

Extraction  Energy 

1.0  GeV 

Extraction  type 

Single-turn 

Magnet  window 

Full  aperture 

Beam  revolution  period 

945.4  ns  (at  l.OGeVj 
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911.1  ns  (at  1.3  GeV) 

Beam  gap  during  extraction 

250  ns 

Bunch  length  (full) 

645  ns 

Maximum  extraction  rate 

60  Hz 

Pulse  flat-top  length 

>  700  ns 

Pulse  Flat-top  tolerance 

+/-  3% 

Pulse  rise  time 

200  nS  (1%  -  95%) 

Pulse  fall  time 

<16.6  ms 

Kicker  strength 

1.276  to  1.775  mrad 
per  section 

Total  deflection  strength 

20.344  mrad 

Kicker  horizontal  aperture 

120  mm  to  21 1 .3  mm 

Kicker  vertical  aperture 

166  mm  to  243  mm 

Kicker  length 

390  mm  to  505  mm  per 
section 

Kicker  magnet  inductance 

695  nH  to  789  nH  per 
section 

Operating  voltage 

<  35  kV  per  section 

Operating  current 

<  2.5  kA  per  section 

This  updated  specification  reflects  the  enlarged  magnet 
apertures  and  increased  output  power  to  serve  all  working 
points  of  (v„  v^)  at  (6.23,  6.2),  (6.4,  6.3),  (6.23,  5.24),  and 
(6.3,  5.8).  These  four  working  points  are  the  nominal  tune 
near  coupling  resonance  Vj=  v^,,  an  alternative  working 
point  away  from  the  structure  lines,  a  split-tune  working 
point  for  decoupling,  and  an  old  working  point, 
respectively  [5]. 

Sufficient  space  is  reserved  to  add  two  more  magnets 
and  modulators  for  future  1 .3  GeV  upgrade. 


DESIGN  AND  DEVELOPMENT 

To  achieve  maximum  operability,  maintainability,  and 
lower  beam  impedance  to  minimize  beam  loss,  as 
requested  by  SNS  project,  a  new  conceptual  design  was 
proposed  in  year  2000.  This  design  features  a  Blumlein 
voltage  doubler,  a  25-ohm  parallel  resistor  for  beam 
impedance  termination,  two  50-ohm  impedance  cable  in 
parallel  for  pulse  transmission,  and  frill  reflection  at 
magnet  doubling  the  current  magnitude.  The  saturable 
inductor  will  provide  impedance  isolation  for  beam 
current,  and  become  saturated  during  output  current  rising 
edge  for  dark  current  suppression.  All  high  maintenance 
devices  will  be  located  in  service  building;  no  active  or 
dissipative  components  will  be  used  in  the  radiation  area. 
In  Figure  3,  the  main  schematic  is  illustrated. 


Service  Building  — i 
Blumlein  Line  Pulset  * 

^ 


m  •  •  o  LI  1“  SNS  Ring 
Transmission  Cable  I  ^ 


6.25  ( 


R=25' 


'j 


25  OHM 


.'SiGier 


Figure  3:  Simplifred  main  schematic  of  SNS  extraction 
kicker 


Among  many  advantages  offered  by  this  design,  the 
margin  of  the  design  parameter  to  operation  is  largely 
increased.  Our  physicists  immediately  recognized  this 
feature  and  they  seized  the  opportunity  to  improve 


physics  performance  of  the  main  accumulator  ring.  The 
kicker  magnet  apertures  have  been  enlarged  to 
accommodate  all  four  working  points,  fruther  reduced 
beam  impedance,  and  increased  beam  acceptance  at 
kicker  magnets.  Compare  with  the  year  2001  parameters, 
the  required  total  output  power  of  the  kicker  modulators 
have  to  be  increased  by  86%,  and  the  margin  of  designed 
voltage  over  operating  voltage  shrink  to  42%  per 
modulator  from  88%  - 173%  per  modulator. 

Although  the  maximum  charging  voltage  is  50  kV,  we 
set  the  operation  voltage  limit  of  the  modulator  at  below 
35  kV  for  the  concerns  of  device  lifetime,  system 
reliability,  fault  tolerance,  and  system  sustainability. 

The  Blumlein  pulser  can  be  implemented  by  two  sets  of 
high  voltage  cable  pulse-forming  lines  or  double  deck  of 
lumped  L-C  pulse  forming  networks.  The  later  option  was 
chosen  for  the  compactness. 

As  constrained  by  the  budget  and  very  tied  project 
schedule,  the  research  and  development  efforts  shall  be 
limited  only  to  the  necessities  to  meet  the  minimum 
performance  requirements.  However,  the  criticality  of  the 
fast  extraction  kicker  performance  demands  Ml  and 
detailed  verification  on  each  stage  of  the  system  design 
and  development.  Therefore,  we  conducted  design 
analysis,  parameter  optimization,  and  computer 
simulations  to  verily  the  design  principle.  Then,  a  proof- 
of-principle  model  circuit  was  build  and  tested.  Its  output 
current  waveform  nicely  matched  computer  simulation. 
Further,  a  frill-scale  prototype  modulator  has  been 
designed,  constructed,  and  tested  at  Brookhaven  National 
Laboratory.  Its  test  results  successfully  demonstrate  the 
design  concept. 

Mechanical  design  of  the  high  voltage  pulse  modulator 
provides  many  features  for  easy  maintenance,  such  as,  the 
modulator  internal  structure  can  be  lifted  out  from  its  fluid 
container  for  device  change  and  pulse  shaping.  Figure  4 
shows  the  prototype  modulator. 


Figure  4:  SNS  extraction  fast  kicker  modulator 
prototype 

Varies  tests  have  been  conducted  on  the  prototype 
modulator. 

>  For  pulse  shape  verification  and  construction 
check,  the  unit  was  tested  up  to  40  kV  in  air,  in 
single  shot  mode. 
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^  At  35  kV  full  rated  operation  voltage,  the 
prototype  unit  has  been  tested  in  silicon  fluid 
at  60  Hz  repetition  rate  for  over  200  hours  at 
August  2002. 

>  A  40  KV,  60  Hz  repetition  rate,  12  hours 
continuous  accelerated  lifetime  test  has  been 
completed  at  August  2002. 

>  A  45  kV,  30  Hz  repetition  rate,  8  hours 
continuous  accelerated  lifetime  test  has  been 
completed  at  August  2002. 

>  A  50  kV  single  shot  mode  test  on  going. 

Figure  5  and  Figure  6  show  the  magnet  current 

waveforms  at  50  kV. 


voltage  capacitor  charging  power  supply  will  be  used  one 
for  each  modulator  system. 

High  voltage  components  specifications,  testing 
methods,  and  technical  standards  are  critical  to  ensure  the 
system  reliability.  For  example,  the  coaxial  high  voltage 
cables  used  in  the  prototype  test  were  hi-potted  to  100  kV 
during  acceptance  test;  the  high  voltage  pulse  capacitors 
were  also  hi-potted  to  100  kV  in  factory  test;  and  the 
thyratron  is  rated  and  tested  at  a  level  more  than  twice  of 
the  operation  voltage.  So  far,  the  performance  and 
reliability  of  the  high  voltage  components  has  been 
satisfactory,  and  no  critical  device  failures  have  been 
observed. 
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Figure  5;  Magnet  current  waveform  at  50  kV 


Figure  6:  Magnet  current  rise  time  at  50  kV 

In  this  design,  all  critical  components  are  commercially 
available,  which  makes  the  design  very  cost  effective.  The 
main  switch  is  an  E2V  CX1925X  hollow  anode  thyratron 
rated  for  80  kV  and  15  kA.  Its  high  voltage  hold-off 
rating,  high  conduction  speed,  and  reverse  conduction 
capability  make  it  a  top  choice  for  this  application.  The 
DOW  Coming  561  silicon  fluid  is  used  for  insulation. 
General  Atomic  Energy  Product  is  the  supplier  of  the  ultra 
low  inductance,  15  nH,  silicon  fluid  filled  high-energy 
pulse  capacitors  for  PFN.  Twelve  Eupec’s  6kV  fast 
recovery  diodes  are  used  in  reversing  diode  stack.  Tri- 
axial  high  voltage  pulse  cables  from  Times  Microwave 
will  be  used  for  pulse  transmission.  The  50  kV  ALE  high 


CONSTRUCTION  STATUS 

The  design  and  development  stage  of  the  SNS 
extraction  fast  kicker  project  has  been  concluded  last  year. 
Applied  Power  systems,  a  commercial  company,  has  been 
awarded  the  contract  to  constmct  all  fourteen  high  voltage 
modulators  and  corresponding  auxiliary  systems  as 
specified  and  designed  by  Brookhaven  National 
Laboratory. 

Traditionally,  all  our  high  voltage,  high  current,  and 
high-speed  fast  kicker  modulators  were  designed, 
developed,  and  constmcted  at  Brookhaven.  This  is  the 
first  time,  we  use  commercial  vendor  to  construct 
production  units  of  the  high  voltage  pulse  modulators. 
The  final  design  review  has  been  completed;  two 
meetings  for  progress  check  have  been  conducted  at 
vendor’s  facility.  The  production  is  in  progress. 
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MODULATOR  SYSTEM* 
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Abstract 

The  Spallation  Neutron  Source  (SNS)  is  a  new  1.4  MW 
average  power  beam,  1  GeV  accelerator  being  built  at 
Oak  Ridge  National  Laboratory.  The  accelerator  requires 
15  converter-modulator  stations  each  providing  between  9 
and  1 1  MW  pulses  with  up  to  a  1 . 1  MW  average  power. 
The  converter-modulator  can  be  described  as  a  resonant 
20  kHz  polyphase  boost  inverter.  Each  converter 
modulator  derives  its  buss  voltage  from  a  standard 
substation  cast-core  transformer.  Each  substation  is 
followed  by  an  SCR  pre-regulator  to  accommodate 
voltage  changes  from  no  load  to  full  load,  in  addition  to 
providing  a  soft-start  function.  Energy  storage  is  provided 
by  self-clearing  metallized  hazy  polypropylene  traction 
capacitors.  These  capacitors  do  not  fail  short,  but  clear 
any  internal  anomaly.  Three  “H-Bridge”  IGBT  transistor 
networks  are  used  to  generate  the  polyphase  20  kHz 
transformer  primary  drive  waveforms.  The  20  kHz  drive 
waveforms  are  time-gated  to  generate  the  desired  klystron 
pulse  width.  Pulse  width  modulation  of  the  individual  20 
kHz  pulses  is  utilized  to  provide  regulated  output 
waveforms  with  DSP  based  adaptive  feedforward  and 
feedback  techniques.  The  boost  transformer  design 
utilizes  nanociystalline  alloy  that  provides  low  core  loss 
at  design  flux  levels  and  switching  frequencies. 
Capacitors  are  used  on  the  transformer  secondary 
networks  to  resonate  the  leakage  inductance.  The 
transformers  are  wound  for  a  specific  leakage  inductance, 
not  turns  ratio.  This  design  technique  generates  multiple 
secondary  volts  per  turn  as  compared  to  the  primary. 
With  the  appropriate  tuning  conditions,  switching  losses 
are  minimized.  The  resonant  topology  has  the  added 


benefit  of  being  deQed  in  a  klystron  fault  condition,  with 
little  energy  deposited  in  the  arc.  This  obviates  the  need 
of  crowbars  or  other  related  networks.  A  review  of  these 
design  parameters,  operational  performance,  production 
status,  and  ORNL  installation  and  performance  to  date 
will  be  presented. 

HARDWARE  DESIGN 

The  system  block  diagram  of  the  SNS  converter- 
modulator  is  shown  in  Figure  1.  This  depicts  a  standard 
vacuum  cast-core  transformer  substation  followed  by  an 
SCR  controller  for  DC  voltage  regulation.  The  converter- 
modulator  follows  with  the  self-healing  capacitor  energy 
storage  bank.  The  fabrication  of  the  converter-modulator 
systems  is  accomplished  through  industrial  fabrication 
contracts  for  the  four  major  subsystems,  consisting  of;  A) 
the  utility  substation,  B)  the  SCR  phase  controller,  C)  the 
converter-modulator  assembly,  and  D)  the  equipment 
control  rack.  The  converter-modulator  assembly  is  a 
“build-to-print”  contract,  the  others,  a  “build-to- 
specification”,  all  awarded  to  the  lowest  cost  qualifying 
bidder. 

60  HZ  UTILITY  SYSTEMS 

The  individual  converter-modulator  substations  contain 
harmonic  traps  and  filters  to  maintain  IEEE  519  and  141 
standards  within  the  local  distribution  network.  To 
maximize  substation  efficiency  (-99%),  a  standard 
“traction”  style  vacuum  cast  core  transformer  is  used 
along  with  vacuum  cast  coils  for  the  traps  and  filters. 
Since  the  unit  contains  no  oil,  secondary  oil  containment. 
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fire  suppression  equipment,  and  environmental  impact 
statements  are  not  required.  The  overall  design  topology 
further  simplifies  installation,  a  single  utility  cable  pull  for 
the  input  and  output  with  a  lightweight,  two-piece,  design 
that  can  be  “forked”  into  position  onto  the  outdoor  pad. 
To  maintain  balanced  line  currents  and  core  flux,  the 
neutral  is  not  grounded.  With  the  repetitive  pulsed 
loading  of  the  transformer,  there  are  no  engineering  (e.g. 
harmonic  mitigation)  or  cost  advantages  to  utilize  a  6 
phase,  12  pulse  rectification  system.  A  standard  3  phase 
system  is  less  expensive  and  easier  to  filter.  The 
substations  for  the  SNS  Accelerator  have  been 
manufactured  by  Dynapower  Corporation  located  in 
Burlington,  Vermont. 

SCR  PHASE  CONTROLLER 

Each  converter-modulator  substation  is  followed  by  an 
SCR  phase  controller,  located  indoors,  in  the  klystron 
gallery.  A  single  utility  pull  using  armored  triplex 
between  the  substation  and  SCR  regulator  simplifies  the 
interconnect  between  the  pad  and  the  indoor  equipment. 
The  SCR  phase  controller  accommodates  incoming  line 
voltage  variations  resulting  from  network,  transformer, 
and  trap  impedances,  from  no-load  to  full  load.  The  SCR 
phase  controller  also  provides  the  soft-start  function  and 
operates  at  a  nominal  +/-  1250  Volt  output  with  a  400 
Amp  rating.  This  unit  is  99.5%  efficient  and  has  also 
been  manufactured  by  Dynapower  Corporation. 

CONVERTER  MODULATOR  ASSEMBLY 

A  view  of  the  completed  converter  modulator  assembly 
is  shown  in  Figure  2.  The  oil  tank,  safety  enclosure,  and 
water  distribution  panel  are  the  prominent  features  that 
can  be  noted  in  this  figure.  Dynapower  Corporation 
located  in  Burlington,  Vermont  won  the  contract  for  the 
build-to-print  converter  modulator  assembly.  The  first  4 
production  converter  modulator  assemblies  have  been 
delivered  to  ORNL  in  the  2'"'  quarter  of  fiscal  year  2003. 


Figure  2;  Converter  Modulator  Assembly 


Self-Healing  Capacitors 

The  energy  storage  capacitors  used  for  the  converter 
modulator  are  units  similar  to  those  used  in  traction 
application.  Thomson  Passive  Components  (AVX), 
located  in  Saint-Appollinaire,  France  worked  with  us  to 
develop  a  lower  inductance  capacitor  for  our  high  power, 
20  kHz,  switching  application.  Internal  fabrication 
methodology  is  optimized  to  provide  enhanced  current 
distribution  within  the  capacitor  and  also  minimize 
internal  interconnect  inductance.  The  all  film  design 
provides  for  excellent  energy  density  and  the  use  of  high- 
ohm  metal  electrode  deposition  ensures  good  current 
balance  through  all  the  internal  foil  packs.  As  in  traction 
applications,  our  capacitors  use  the  technology  of 
metallized  hazy  polypropylene  dielectrics  that  do  not  fail 
short,  but  fuse  or  “clear”  any  internal  anomaly.  Also,  at 
our  capacitor  voltage  rating  (1 .5  kV),  there  has  not  been  a 
recorded  internal  capacitor  buss  failure.  With  the 
converter  modulator  operation  at  full  output  with  a 
maximum  bank  voltage  of  1 .2  kV,  the  capacitor  lifetime  is 
calculated  to  be  over  300,000  hours,  including  derating 
factors.  A  view  of  the  capacitor  racks  is  shown  in  Figure 
3.  Bank  Rising  does  not  seem  to  reduce  physical  IGBT 
failure  damage  and  fusing  is  not  used  in  the  present 
production  design.  However,  it  appears  that  the  fusing 
can  limit  “action”  in  other  failure  modes  and  possibly 
reduce  busswork  or  cabling  damage.  This  is  one  area  we 
will  again  examine  in  future  designs. 


Figure  3:  Capacitor  Rack  Assemblies 


IGBT  Switch  Plate  Assembly 

The  IGBT  switch  plate  assemblies  are  designed  to  be 
easily  removed  like  a  large  printed  circuit  card,  such  that 
maintenance  and  repair  can  be  accommodated  off-line. 
Sliding  high-current  contacts  of  multilam  louvers 
interface  to  the  transformer  primary  busswork,  which 
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terminate  on  the  modulator  tank  lid.  Each  switch  plate 
contains  four  IGBT’s  in  an  “H-bridge”  configuration. 
The  IGBT  device  family  is  the  3300  Volt,  1200  Ampere 
devices.  The  Eupec  FZ1200R33KL2  device  is  being 
utilized  that  have  an  improved  “FIT”  rate  for  higher 
voltage  reliability.  The  mechanical  design  of  the  switch 
plate  assembly  has  the  IGBT’s  terminals  directly  opposite 
one-another  (face-to-face),  to  provide  a  low  inductance 
interconnection  methodology.  This  results  in  a  buss-work 
rail-to-rail  inductance  (V+  to  V-)  of  ~4  NH.  This  low 
inductance  is  necessary  for  “snubberless”  IGBT 
switching.  Low  inductance  (~9  nH),  high  frequency  IGBT 
bypass  capacitors  for  this  assembly  have  been  developed 
by  General  Atomics  Energy  Products  (formerly  Maxwell) 
and  are  shown  in  Figure  4.  The  resulting  inductance  of 
the  IGBT  switch  plate  network  of  ~7  nH  is  desirable  to 
minimize  overshoot  and  ringing  from  the  multi-kA  20 
kHz  switching  that  can  have  dl/dT’s  of  -10  kA/uS.  The 
IGBT  switch  plate  assemblies  also  must  switch  the  peak 
power  of  the  system,  1 1  MW,  not  just  the  average  power. 
With  the  high  peak  powers  involved,  additional  “on 
board”  energy  storage  is  provided  by  8  each  10  uF,  2  kV 
capacitors,  also  manufactured  by  General  Atomics  Energy 
Products. 


Figure  4:  IGBT  Switch  Plate  Assembly 


Amorphous  Nanocrystalline  Boost  Transformers 

The  development  of  the  amorphous  nanociystalline 
transformer  core  was  another  long  lead  development  for 
this  project.  The  characteristics  of  the  nano  material  are 
given  in  the  following  table: 


Mu 

50,000 

Lamination  Thickness 

.0008" 

Lamination  Insulation 

Stacking  Factor 

Bsat 

12.3  kO 

Core  Loss  (our  use) 

Core  Weight  (our  use) 

Power  (each  core) 

330  kW 

Table  1:  Nano  Material  Characteristics 
The  amorphous  nanocrystalline  material  has 
exceptional  performance  as  a  function  of  frequency  and 


flux  density  with  the  added  benefit  of  having  ‘zero- 
magnetostriction”.  It  does  not  vibrate  or  make  significant 
noise  with  excitation.  The  windings  on  the  core  are 
wound  as  two  single  layer  solenoids.  A  view  of  the 
nanocrystalline  boost  transformer  is  shown  in  Figure  5. 
The  overall  height  is  about  24”  tall  with  a  total  assembly 
weight  of  ~150  lbs.  The  secondary  windings  are 
resonated  with  tuning  capacitors  which  provide  two 
important  fimctions,  (1)  an  optimized  value  provides 
“zero-voltage-switching”  for  the  IGBT’s,  and  (2),  the 
multiple  transformer  resonant  circuits  create  “polyphase 
resonant  voltage  multiplication”.  The  transformers  are 
wound  with  a  ratio  of  1:19,  but  the  output  is  about  1:60. 
Unlike  previous  power  transformers  with  the  same  “volts- 
per-tum”  for  both  the  primary  and  secondaiy,  this  design 
generates  multiple  volts-per-tum  on  the  secondary.  In 
addition,  the  core  flux  expended  is  that  of  the  primary.  It 
would  seem  that  the  secondary  leakage  inductance 
isolates  the  core  from  the  voltage  swing  generated  on  the 
secondary.  The  zero-voltage-switching  characteristic 
minimizes  the  IGBT  switching  loss,  turn  on  is  soft 
without  forced  commutation  (and  losses)  of  the  opposite 
IGBT  free-wheeling  diode.  The  transformers  are 
resonated  with  special  capacitors  developed  by  General 
Atomics  Energy  Products  and  circulate  many  MVAR  at 
20  kHz  with  100%  reversal  to  ~  160  kV  p-p. 


Figure  5:  330  kW  Nanocrystalline  Boost  Transformer 


Resonant  Rectification  System 

To  provide  six  pulse  rectification  of  the  20  kHz,  -140 
kV  line-line  voltages,  resonant  rectification  techniques  are 
used.  Capacitors  are  placed  in  parallel  with  groups  of 
rectification  diodes.  However,  low  loss;  fast  recovery 
diodes  are  still  necessary  for  this  design.  1,600  volt,  70 
Amp  ion  implanted  diodes  manufactured  by  IXYS  are 
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used  in  the  140  kV  modulator  assemblies.  The  circuit 
effect  of  the  added  rectification  capacitance  is  that  it  acts 
like  the  transformer  shunt  peaking  capacitors  and  must  be 
considered  in  the  analysis  of  the  transformer  tuning.  The 
resonant  rectification  capacitors  have  the  desirous  effect 
to  remove  switching  transients  and  “Miller”  (ground) 
capacitance  from  the  diodes.  The  Miller  capacitance  (to 
ground)  can  cause  significant  over-voltage  of  diodes  high 
in  the  stack.  The  resonant  rectification  capacitors 
effectively  swamp  this  failure  mode.  The  resonant 
rectification  capacitors  are  manufactured  by  General 
Atomics  Energy  Products  and  must  have  good  tolerances, 
small  size,  and  low  equivalent  series  resistance  and 
dissipation  factor. 

Output  Filtering 

Output  filtering  is  provided  by  a  standard  “Pi-R” 
network.  The  input  resistance  helps  mitigate  ringing  of 
the  rectifier  circuits.  Filter  capacitance  values  are  chosen 
to  provide  adequate  filtering  yet  minimize  stored  energy. 
The  stored  energy  is  wasted  power  that  is  lost  at  the  end 
of  the  klystron  pulse.  With  120  kHz  ripple  frequency, 
high  efficiency  with  good  filtering  can  be  attained. 

EQUIPMENT  CONTROL  RACK 

The  operator  and  control  room  interface  for  the 
converter-modulator  is  via  the  equipment  control  rack. 
This  rack  controls  and  monitors  all  the  power 
conditioning  functions  of  the  converter-modulator  system 
such  as  the  SCR  controller,  capacitor  banks,  IGBT 
switching  network,  oil  tank  assembly,  and  output  load 
parameters.  The  rack  includes  functions  for  (Ethernet) 
“EPICS”  based  control  I/O,  Allen-Bradley  PLC  with  local 
I/O  and  station  keeping,  fast  electronic  monitors,  and 
controls.  This  includes  personnel  protection  interlocks  as 
well  as  all  electronic  fault  protection  systems.  The  fault 
protection  systems  have  the  appropriate  thru-put  delays 
and  latching  functions  to  minimize  the  probability  of 
equipment  damage.  The  Digital  Signal  Processor  (DSP) 
based  control  system  has  adaptive  feedforward  and 
feedback  networks  with  learning  algorithms  to  generate 
regulated  modulator  output  pulses.  With  Pulse  Width 
Modulation  (PWM)  of  the  individual  IGBT  pulses,  the 
output  waveforms  can  be  compensated  for  capacitor  bank 
droop  and  network  overshoot.  Figure  6  shows  the 
modulator  output  at  80  kV  without  adaptive  controls  and 
Figure  7  shows  the  80  kV  output  with  adaptive  controls. 
The  complete  equipment  control  rack  is  manufactured  by 
Z-TEC  Inc.  located  in  Albuquerque,  NM.  We  have  not 
operated  at  full  average  power  with  the  DSP  controls. 
Although  we  have  had  scheduling  conflicts,  recent 
modeling  has  shown  dramatic  increases  in  IGBT 
switching  losses  with  PWM.  We  need  to  further  examine 
these  results  and  carefully  proceed  with  PWM  testing  at 
high  average  power.  Slight  changes  in  programming  and 
circuit  values  may  be  necessary  to  maintain  efficient 
switching. 


Figure  6:  80kV  Output  Pulse,  20kV/Division 


Figure  7:  80k V  Output  with  Adaptive 
Feedforward/Feedback 


OPERATIONAL  RESULTS  AND 
EFFICIENCY 

Operations  at  full  average  power  were  achieved  within 
a  week  of  the  installation  of  the  high-power  5MW,  805 
MHz  Thales  klystron.  Figure  8  shows  the  output  with  136 
kV  at  the  end  of  the  pulse.  We  have  operated  the  system 
to  the  limit  of  all  our  present  loads,  130  kV  at  -450  kW 
average  power  with  the  Marconi  2.5  MW,  402  MHz 
klystron  and  -800  kW  average  power  at  136  kV  with  the 
5MW  Thales  805  MHz  klystron.  With  the  single  2.5 
MW  tube,  tests  interestingly  had  an  electrical  efficiency 
of  only  —88%,  with  —  3.7  kW  loss  per  IGBT.  Testing  to 
the  full  -136  kV  output  with  the  large  5  MW,  805  MHz 
Thales  klystron  (-800kW)  gave  IGBT  losses  of -1.7  kW 
each,  with  an  overall  efficiency  of  94%.  Operation  at 
higher  power  provides  a  better  match  to  the  resonant 
converter  and  affords  “zero-voltage-switching”  of  the 
IGBTs.  Operations  continue  at  the  ORNL  SNS 
accelerator.  Oak  Ridge  has  operated  24/7  during 
accelerator  RFQ  commissioning  as  well  as  the  recent 
Drift  Tube  (DTL)  structure  commissioning  to  full  power. 
Start-up  problems  have  been  related  to  vendor  Q/A  issues 
and  are  being  worked  as  the  converter-modulator 
production  unfolds. 
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Figure  8:  136kV  Output  Pulse 


Crowbar  Tests 

Extensive  fault  testing  has  also  been  performed  with 
three  times  the  anticipated  SNS  high-voltage  cable  length. 
These  tests  have  been  performed  at  voltages  higher  (~145 
kV)  than  anticipated  in  our  operation.  Figure  9  shows  a 
130  kV  crowbar  test  into  a  5  joule  wire.  This  test  shows 
the  result  when  the  IGBT  switching  is  disabled. 
Protection  of  the  klystron  is  not  dependant  on  the  inhibit 
of  IGBT  switching  and  IGBT  reliability  is  not  dependant 
on  interruption  of  gate  drive  during  a  klystron  arc  down. 
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Figure  9:  130kV  Self-Break  Crowbar  Test 

Figure  10  shows  an  arc-down  event  with  the  IGBT’s 
continuing  to  switch,  which  did  not  fuse  the  test  wire.  In 
the  shorted  condition,  the  resonance  of  the  converter- 
modulator  is  deQed,  and  little  power  transfer  results.  The 
low  primary  drive  voltage  coupled  into  the  relatively  high 
leakage  inductance  of  the  transformer  does  not  even 
create  an  over-current  situation  for  the  IGBT’s.  This 
provides  for  a  design  that  has  fault  ride-through 
capabilities.  These  results  match  our  modeling. 


CONCLUSION 

The  polyphase  resonant  converter-modulator  has 
demonstrated  several  new  design  methodologies  that  are 
expected  to  revolutionize  long-pulse  and  “CW”  modulator 
designs.  These  new  technologies  include  special  low 
inductance  self-clearing  capacitors,  large  amorphous 
nanocrystalline  cut-core  transformers,  polyphase  resonant 
voltage  multiplication,  resonant  rectification,  snubberless 
IGBT  switching,  and  adaptive  power  supply  control 
techniques.  Design  economies  are  achieved  by  the  use  of 
industrial  traction  components  such  as  cast  power 
transformers,  IGBT’s,  and  self-clearing  capacitors.  The 
compact  and  modular  design  minimizes  on-site 
construction  and  a  simplified  utility  interconnection 
scheme  further  reduces  installation  costs.  The  design 
does  not  require  HV  capacitor  rooms  and  related 
crowbars.  By  generating  high-voltage  when  needed, 
reliability  and  personnel  safety  is  greatly  enhanced.  The 
system  development  to  date  has  been  completely 
successful  and  results  indicate  that  operation  to  the  full 
system  average  power  (1.1  megawatts)  should  be 
achieved  as  required,  within  specification,  when  loads 
become  available. 
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Abstract 

The  second  axis  of  the  Dual  Axis  Radiographic  Hydro- 
Test  (DARHT)  facility  will  provide  up  to  four  short 
(<  150  ns)  radiation  pulses  for  flash  radiography  of  high- 
explosive  driven  implosion  experiments[l].  To 
accomplish  this  the  DARHT-II  linear  induction 
accelerator  (LIA)  will  produce  a  2-kA  electron  beam  with 
18-MeV  kinetic  energy,  constant  to  within  ±  0.5%  for  2- 
ps.  A  fast  kicker  will  cleave  four  short  pulses  out  of  the  2- 
ps  flattop,  with  the  bulk  of  the  beam  diverted  into  a  dump. 
The  short  pulses  will  then  be  transported  to  the  final-focus 
magnet,  and  focused  onto  a  tantalum  target  for  conversion 
to  bremsstrahlung  pulses  for  radiography.  DARHT-II  is  a 
collaborative  effort  between  the  Los  Alamos,  Lawrence 
Livermore,  and  Lawrence  Berkeley  National  Laboratories 
of  the  University  of  California. 

INTRODUCTION 

Commissioning  of  DARHT-II  is  proceeding  in  four 
phases.  The  first  phase  was  a  demonstration  that  the 
DARHT  II  technology  could  produce  and  accelerate  a 
beam  of  electrons.  Optimization  of  the  injector  and 
accelerator  to  produce  a  beam  with  the  required  final 
parameters  and  quality  is  the  objective  of  the  upcoming 
second  phase  of  commissioning.  The  third  phase  will 
demonstrate  the  ability  to  produce  multiple  electron-beam 
pulses,  and  the  final  phase  will  demonstrate  production  of 
multiple-pulse  radiographic-quality  bremsstrahlung 
pulses. 

DARHT-II  was  first  turned  on  in  early  summer,  2002, 
and  the  first  phase  of  commissioning  is  now  complete. 
These  tests  were  accomplished  at  reduced  parameters  to 
minimize  risk  of  damage  to  this  new  accelerator.  Table  1 
shows  the  parameters  for  these  experiments  compared 
with  the  final  parameters  expected  when  all  phases  of 
commissioning  are  completed.  We  will  detail  some  of  the 
results  from  the  first  phase  in  this  article. 

ACCELERATOR 

An  88-stage  Marx  generator  that  will  produce  a  3.2-MV 
output  pulse  that  is  flat  for  2-(is  powers  the  injector  diode 
for  DARHT-II.  Because  of  the  Marx  risetime  and  the 
stray  capacitances  of  injector  structure,  the  risetime  of  this 
pulse  at  the  diode  is  ~  500  ns.  To  minimize  risk  of 


damage  in  the  experiments  reported  here,  the  Marx 
generator  was  eonfigured  to  produce  a  shorter,  1.2-ns 
FWHM  pulse,  which  was  even  fiirther  shortened  by  using 
a  crowbar  switch  on  most  shots. 

A  16.5-cm  diameter  hot  dispenser  cathode  in  a  shrouded 
Pierce-like  diode  produced  a  1.2  -1.3-kA  beam  for  the 
experiments  reported  here.  The  solenoidal  magnetic- 
transport  field  is  cancelled  at  the  surface  of  the  emitter 
with  a  bucking  coil  so  that  the  (conserved)  beam 
canonical  angular  momentum  will  be  zero  at  the  field-fi-ee 
bremsstrahlung  converter,  when  installed. 

After  leaving  the  diode,  the  3.0-MeV  beam  was 
accelerated  by  eight  large-bore  (36-cm  diameter  beam 
tube)  induction  cells  to  4.2  MeV.  The  magnetic  transport 
through  these  induction  cells  was  tuned  so  that  none  of 
the  off-energy  electrons  present  in  the  ~500-ns  beam  head 
(produced  by  the  diode-pulse  risetime)  executed  betatron 
oscillations  with  amplitude  greater  than  %  of  the  beam 
tube  radius,  thus  keeping  them  well  away  from  the 
accelerating  gaps  and  insulators. 

The  beam  next  enters  a  special  transport  zone  with  a 
narrow  energy  bandpass  to  scrape  off  the  long  risetime, 
off-energy  beam  head.  For  these  first  experiments,  this 
beam-head  clean-up  zone  (BCUZ)  was  configured  to  pass 
the  entire  beam  head  during  these  initial  tests,  and  the 
timing  of  the  accelerator  was  set  to  accelerate  the  entire 
beam,  including  the  rising  portion  of  the  pulse.  The 
magnetic  tune  through  the  BCUZ  compressed  the  beam  to 
the  smaller  radius  needed  to  match  into  the  main 
accelerator. 

After  the  BCUZ  the  beam  enters  the  main  accelerator, 
which  consisted  of  64  smaller-bore  (25.4-cm  diameter 
beam  tube)  “standard”  induction  cells  for  phase  1 
experiments.  Of  these,  two  or  three  were  inactive  due  to 
problems.  The  magnetic  tune  through  the  main  accelerator 
gradually  increased  to  a  field  of  more  than  1  kG  on  axis  to 
suppress  the  beam-break-up  (BBU)  instability. 

The  magnetic  tune  for  these  experiments  (Fig.  1)  was 
designed  using  two  beam  dynamics  codes  [2].  First,  the 
TRAK  electron-gun  design  code  [3]  was  used  to  establish 
initial  conditions  at  the  anode  (initial  radius,  divergence, 
emittance)  for  the  XTR  envelope  eode  [4]  at  the  operating 
A-K  potential  of  the  diode.  Then  the  tune  was  developed 
for  the  energy  flattop  of  the  beam  using  the  accelerating 
voltages  expected  to  be  applied  to  the  gaps.  Finally,  the 
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transport  of  the  off-energy  beam  head  was  checked  using 
XTR  simulations  in  steps  of  100-kV  A-K  potential,  with 
initial  conditions  from  individual  IRAK  simulations. 


Table  1 :  DARHT-II  Parameters 


These 

Experiments 

Final 

Parameters 

Beam  Current 

1.2-1.3kA 

2.0  kA 

Pulse  Length 

0.5-1.2  ps 
(FWHM) 

2.0  ps 
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Diode 

3.0  MeV 

3.2  MeV 
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Figure  1.  DARHT-II  tune  for  commissioning 
experiments. 


DIAGNOSTICS 

DARHT-II  is  heavily  instrumented  with  beam  and 
pulsed-power  diagnostics.  In  addition  to  diagnostics  that 
monitor  the  Marx  generator  performance,  there  are 
capacitive  dividers  in  the  diode  vacuum  to  measure  the 
actual  diode  voltage  waveform.  Each  induction  cell  has  a 
resistive  divider  to  measure  the  voltage  waveform 
delivered  by  the  PFN.  There  are  beam  position  monitors 
(BPMs)  at  the  entrance  to  each  block  of  cells,  as  well  as 
three  more  in  the  diode  anode  region,  one  at  the  exit  of  the 
injector  cells,  two  in  the  BCUZ,  and  one  just  before  the 
imaging  target.  For  these  experiments  streak  and  framing 
cameras  produced  images  of  beam  generated  Cerenkov 
and  optical  transition  radiation  (OTR)  light  from  targets 
inserted  in  the  beam  line.  Finally,  a  magnetic 
spectrometer  is  used  to  measure  the  beam  kinetic  energy. 


Diode  Voltage  Monitors 

The  A-K  gap  potential  was  meastned  using  capacitive 
dividers.  These  monitors  were  19-cm  diameter  plates 
positioned  flush  with  the  vacuum  tank  wall  facing  the 
diode  cathode  structure.  Each  monitor  plate  is  integrated 
into  a  standard  45.7-cm  vacuum  port  nipple.  One  of  the 
monitors  is  recorded  directly  giving  a  signal  proportional 
to  dV/dt.  This  signal  was  integrated  with  software,  and 
was  calibrated  against  the  beam  energy  measmed  with  the 
magnetic  spectrometer. 

Beam  Position  Monitors 

Each  BPM  consisted  of  an  array  of  four  Be-field  detectors 
spaced  90°apart.  Differencing  the  opposing  detectors  and 
normalizing  to  the  sum  of  all  four  gave  the  position  of  the 
beam  centroid  with  negligibly  small  errors  [5].  Each 
detector  was  a  (double-loop)  balanced  design  with  a 
Moebius  crossover  to  minimize  common  mode  signals 
arising  from  ground  loops,  radiation  driven  Compton 
currents,  direct  beam  spill  pickup,  electric  field  pickup, 
and/or  other  interfering  noise,  EMP,  or  backgrounds.  The 
loops  were  formed  from  Si02  insulated  coax  to  maintain 
vacuum  integrity  and  long  term  immunity  to  radiation 
backgrounds.  Signals  proportional  to  dBe/dt,  were 
integrated  and  further  processed  in  software  to  give  beam 
current  and  centroid  position.  Calibration  was 
accomplished  in  a  “coaxial”  test  stand  with  an  inner 
conductor  that  could  be  accurately  offset  from  center.  In 
addition  to  rigorous  calibration,  these  BPMs  have  been 
checked  against  independently  calibrated  position 
monitors  at  the  ETA,  Thor,  and  DARHT-I  accelerators. 

Beam  Imaging 

Streak  and  framing  cameras  recorded  images  of  beam 
generated  Cerenkov  and  OTR  light  from  targets  inserted 
in  the  beam  line  at  45**  to  the  axis.  The  targets  were  0.3- 
tnm  thick  Si02  wafers  that  were  polished  and  aluminized 
on  the  front  surface  to  produce  OTR,  and  frosted  on  the 
back  surface  to  scatter  Cerenkov  radiation  into  the  line  of 

sight  orthogonal  to  the  beamline.  Target  manipulation 
was  accomplished  by  remote  control  from  the  control 
room. 

The  Bechtel/Nevada  streak  camera  used  a  unique, 
anamorphic  optical  system  that  compressed  the  light  in 
one  dimension  into  a  line  that  was  imaged  onto  a 
coherent,  linear  fiber-optic  array  cemented  to  the  remotely 
located  camera.  Two  such  arrangements  provided 
simultaneous  projections  in  the  horizontal  (X)  and  vertical 
(Y)  directions,  which  were  recorded  on  a  1024x1024 
CCD  readout  camera.  The  anamorphic  optical  system 
simplified  alignment,  eliminated  ambiguity  resulting  from 
beam  motion,  and  eased  analysis.  Time-resolved  moments 
and  maximum-entropy  reconstructions  of  the  beam  profile 
were  obtained  with  analysis  software  (subject  to  the 
constraints  of  only  two  views)  immediately  after  each 
shot. 

The  OTR  angular  distributions  were  recorded  with  a 
BechteFNevada  four-frame  camera  focused  at  infinity 


559 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


through  a  large  collection  angle  lens  system.  Another 
1024x1024  CCD  readout  camera  enabled  immediate 
viewing  and  analysis  of  the  data. 

Spectrometer 

A  45°  sector  magnet  powered  by  a  highly  regulated 
supply  is  used  to  measure  the  energy  of  beam  electrons 
passing  through  a  1-mm  input  collimator.  The  position  of 
this  beamlet  in  the  momentum  dispersion  plane  was 
registered  with  yet  another  Bechtel/Nevada  streak  camera 
with  CCD  readout.  Light  from  a  fast  fluor  in  the 
momentum  dispersion  plane  was  focused  onto  a  coherent 
fiber  bundle  that  relayed  it  to  the  remotely  located  streak 
camera.  This  spectrometer  system  has  been  calibrated 
against  an  ion  source,  and  has  also  been  used  to  measure 
the  energy  of  the  DARHT-I  and  FXR  (LLNL)  beams. 

RESULTS 

A  striking  feature  of  this  diode  is  the  7.8-MHz 
oscillation  on  the  main  pulse  (Fig.  2  and  Fig.  3),  which  is 
about  ±1.5%  of  the  voltage  at  the  peak.  This  is  an  LC 
oscillation  caused  by  the  capacitances  and  inductances  of 
the  injector  structure.  This  LC  oscillation  damps  out  with 
a  time  constant  of  -780  ns  with  no  beam  loading  the 
diode.  The  decay  time  decreases  as  beam  current  loads  the 
circuit.  We  varied  the  diode  current  by  operating  the 
cathode  at  temperatures  below  that  required  for  space- 
charge  limited  emission.  Oscillation  damping-rate  data 
acquired  in  those  experiments  imply  that  the  decay  time 
should  be  less  than  250  ns  when  we  operate  at  2  kA.  If  so, 
the  oscillation  amplitude  should  decay  to  less  than  0.3%> 
by  the  time  the  voltage  reaches  its  flattop  value.  In  any 
case,  a  resistive  damping  circuit  to  further  quench  this 
oscillation  is  now  being  tested,  and  could  be  installed  if 
necessaiy. 

As  shown  in  Fig.  4,  the  beam  is  accelerated  by  the  eight 
injector  cells  without  loss  of  current  within  the  -2% 
uncertainty  of  the  measurement.  Some  of  the  beam  head 
is  then  lost  in  the  15.2-cm  diameter  BCUZ  throat  (Fig.  5). 
Very  little  further  loss  occurs  as  the  beam  is  accelerated 
through  the  remaining  64  accelerator  cells  (Fig.  6).  These 
results  verify  that  the  magnetic  tune  indeed  realized  the 
design  goal  of  negligible  off-energy  beam-head  loss  in  the 
cells. 


Time  (ps) 

Figure  4.  Electron  beam  current  at  exit  of  injector  cells. 
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Figure  5.  Electron  beam  current  at  BCUZ  exit. 


Figure  2.  A-K  gap  potential. 


Time  (ps) 

Figure  6.  Electron  beam  current  at  accelerator  exit. 
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The  ±1.5%  beam  energy  oscillation  in  the  diode  causes 
an  oscillation  of  the  beam  position  as  a  result  of  an 
accidental  magnetic  dipole  in  the  diode  region.  This  is 
clearly  evident  at  the  first  BPM,  located  at  the  diode  exit 
(Fig.  7).  This  initial  motion  is  modified  by  the  magnetic 
transport,  but  does  not  grow  in  amplitude  through  the 
accelerator  (Fig.  8).  Although  DARHT-II  is  equipped 
with  steering  dipoles  throughout,  they  were  neither 
needed  nor  used  for  these  experiments. 


Figure  7.  Beam  position  at  diode  exit  during  a  400-ns 
window  around  peak  current.  (S  and  F  signify  start  and 
finish  times). 


X  (mm) 

Figure  8.  Beam  position  at  accelerator  exit  during  a  400- 
ns  window  around  peak  current.  (S  and  F  signify  start  and 
finish  times). 

The  fully  accelerated  beam  kinetic  energy  was 
measured  with  the  magnetic  spectrometer  to  be  >12.2 
MeV  for  500  ns,  with  a  peak  energy  >12.5  MeV  (Fig.  9). 
The  7.8-MHz  oscillations  are  clearly  evident  on  this 


sensitive  scale,  although  they  amount  to  only  +0.4%  of 
the  accelerated  beam  energy. 
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Figure  9.  Streak  camera  readout  of  electron  energy  during 
an  un-crowbarred  pulse. 

Spectrometer  measurements  of  beam  energy  after  the 
eight  injector  cells  gave  a  peak  of  4.2  MeV.  The  diode  A- 
K  potential  was  3.0  MV,  so  these  measurements  indicate 
an  average  beam-loaded  accelerating  potential  of  150 
kV/cell  for  the  injector  and  136  kV/cell  for  the  61  active 
standard  cells. 

Anamorphic  streak  images  (Fig.  10)  of  the  beam  after 
the  accelerator  exit  showed  that  the  elliptical  beam  profile 
had  a  Gaussian-like  core  surrounded  by  a  halo.(Fig.  1 1) 
that  includes  <20%  of  the  total  current.  The  beam  centroid 
motion  seen  in  the  streak  images  has  excellent  correlation 
with  the  beam  position  measured  with  a  BPM  40  cm 
upstream  of  the  imaging  target. 


Figure  10.  LO-ps  anamorphic  streak  images  of  ~1.5-cm 
diameter  beam.  Top:  Projection  in  vertical  plane 
(anamorphically  compressed  in  horizontal  direction). 
Bottom:  Projection  in  horizontal  plane(anamorphically 
compressed  in  vertical  direction).  Time  runs  left  to  right. 
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Figure  11.  Projections  at  lineout  time  shown  in  Fig.  10.  A 
fitted  model  consisting  of  a  Gaussian  core  plus  quadratic 
halo  is  over-plotted.  Amplitude  units  are  raw  CCD  counts. 

Target  heating  is  an  issue  for  long-pulse  beam  imaging. 
If  the  imaging  target  gets  too  hot,  evolved  gas  is  ionized 
by  electron  Impact,  and  ions  are  accelerated  into  the  beam 
by  the  beam  space  charge,  partially  neutralizing  it.  This 
causes  ion  focusing  of  the  beam,  or  even  disruption  [6], 
either  of  which  invalidates  the  imaging  data.  The 
threshold  for  these  effects  is  over  300C  [7].  We  estimated 
the  temperature  of  the  target  by  time-integrating  movies 
of  maximum-entropy  reconstructions  of  the  beam  current 
density  profile  to  get  maps  of  charge  deposition,  and  then 
temperature  using  stopping  power  and  specific  heat.  We 
concluded  that  imaging  data  near  the  peak  current,  but 
shortly  after  the  risetime,  were  likely  free  of  confusing  ion 
effects. 

To  estimate  the  beam  emittance  we  changed  the  focal 
point  on  several  consecutive  shots  using  one  of  the 
solenoids  after  the  accelerator  exit.  We  then  found  the 
most  likely  emittance  at  the  accelerator  exit  by  fitting  the 
profile  size  as  a  function  of  focus  magnet  strength  with 
the  XTR  envelope  code  predictions  [4,8].  The  normalized 
Lapostolle  emittance  (4rms)  was  >  4000  a:-mm-mr 
because  of  the  halo  (Fig.  1 1).  On  the  other  hand,  had  we 
scraped  off  the  halo  with  an  aperture,  the  emittance  of  the 
remaining  beam  core  (-80%  of  total  current)  would  have 
been  <  1000  7t-mm-mr. 

We  concluded  this  first  round  of  commissioning  with 
tests  of  resistance  to  BBU.  No  evidence  of  BBU  growth 
was  seen  until  the  magnetic  field  strength  was  reduced  by 
a  factor  of  5  throughout  the  64  standard  cells.  Figure  12 
shows  a  wavelet  frequency  analysis  of  the  motion  of  the 
beam  centroid,  dX/dt,  derived  from  un-integrated  BPM 
signals  near  the  end  of  the  accelerator.  On  this  shot  with 
20%  field  motion  in  the  BBU  frequency  band  is  seen  to 


grow  at  late  times.  This  result  verifies  the  robusmess  of 
this  tune  to  BBU  and  implies  BBU  will  be  suppressed 
when  we  begin  operations  with  the  final  2-kA  beam 
current. 


Time  (iis) 

Figure  12.  Frequency  analysis  of  motion  of  the  beam 
centroid  with  magnetic  field  reduced  by  factor  of  5.  BBU 
frequencies  for  the  accelerator  cells  are  fl=169  MHz, 
f2=236  MHz,  and  f3=572  MHz  [9]. 
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Abstract 


Linear  induction  accelerators  used  in  X-ray  radiography 
have  single-pulse  parameters  of  the  order  20  MeV  of 
electron  beam  energy,  2  kA  of  beam  current,  pulse  lengths 
of  50-100  ns,  and  spot  sizes  of  1-2  mm.  The  thermal 
energy  deposited  in  a  bremsstrahlung  converter  target 
made  of  tantalum  from  such  a  pulse  is  ~80  kJ/cc,  more 
than  enough  to  bring  the  target  material  to  a  partially 
ionized  state.  The  tail  end  of  a  single  beam  pulse,  or  any 
subsequent  pulse  in  a  multi-pulse  train,  undergoes  a 
number  of  interactions  with  the  target  that  can  affect  beam 
transport  and  radiographic  performance.  Positive  ions 
extracted  from  the  target  plasma  by  the  electron  beam 
space  charge  can  affect  the  beam  focus  and  centroid 
stability.  As  the  target  expands  on  the  inter-pulse  time 
scale,  the  integrated  line  density  of  material  decreases, 
eventually  affecting  the  X-ray  output  of  the  system.  If  the 
target  plume  becomes  sufficiently  large,  beam  transport 
through  it  is  affected  by  macroscopic  charge  and  current 
neutralization  effects  and  microscopic  beam/plasma 
instability  mechanisms.  We  will  present  a  survey  of  some 
of  these  interactions,  as  well  as  some  results  of  an 
extensive  experimental  and  theoretical  campaign  to 
understand  the  practical  amelioration  of  these  effects, 
carried  out  at  the  ETA-II  accelerator  facility  at  the 
Lawrence  Livermore  National  Laboratory. 

INTRODUCTION 

The  purpose  of  a  beam/target  system  in  a  radiographic 
accelerator  facility  is  to  produce  X-rays  from  the 
incoming  beam  electrons  via  bremsstrahlung  in  the  target 
material.  Some  typical  requirements  for  a  single  X-ray 
pulse  in  an  industrial  radiography  or  explosives 
hydrotesting  setting  are  shown  in  Table  1.  In  addition, 
there  are  now  facilities  capable  of  generating  a  series  of 
X-ray  pulses  during  a  single  event,  allowing  the  recording 
of  time-dependent  data.  The  typical  time  scales  of  such 
events  are  microseconds,  so  that  the  pulse  spacing  in  a 
multi-pulse  train  is  perhaps  500  ns.  Examples  of  such 
systems  are  the  DARHT-II  accelerator,  a  four  pulse 
hydrotest  facility  now  being  commissioned  at  Los  Alamos 
National  Laboratory  [1],  and  the  ETA/Snowtron  facility  at 
Lawrence  Livermore  National  Laboratory,  a  lower-eneigy 
two-pulse  system  dedicated  to  accelerator  and  converter 
target  research  and  development  [2]. 

If  bremsstrahlung  conversion  were  a  completely 
efficient  process,  the  landscape  of  beam/target  interactions 
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would  already  be  well-explored  territory.  However,  for 
every  useful  X-ray  photon  produced,  a  significant  amount 
of  waste  heat  is  deposited  in  the  target  material.  For  the 
systems  under  consideration,  the  amount  of  heat  deposited 
is  roughly  independent  of  beam  energy  and  works  out  to 
about  80  kJ/cc  in  a  target  material  such  as  tantalum  (Ta), 
for  a  single  beam  pulse  with  the  parameters  given  in  the 
table.  This  is  equivalent  to  9  eV  per  target  atom.  Since 
most  solids  are  bonded  with  energies  of  the  order  of  a  few 
eV,  tiiis  means  that  a  single  beam  pulse  will  turn  at  least 
some  portion  of  the  taiget  material  into  a  plasma  with 
temperatures  in  the  eV  range. 


Table  1 :  System  parameters 


System 

Requirement 

E-beam 

Requirement 

X-ray 

Requirement 

High  photon 
energy 

20  MeV 
endpoint 

1-10  MeV 

High  dose; 

Short  exposure 

~2kA 

~50  ns  pulse 

100s  of  rads 

50  ns  pulse 

High  resolution 

~1  mm  focus 

1  mm  source  size 

Since  target  material  in  a  vapor  or  plasma  state  can 
undergo  significant  motion  on  an  inter-pulse  time  scale, 
the  nature  of  interactions  between  a  beam  and  target  will 
acquire  an  explicit  dependence  on  time  as  well  as  energy 
deposited.  As  the  target  evolves,  a  low-density  plume  of 
material  will  develop  ahead  of  the  bulk  remainder  of 
material.  This  low-density  region  can  support  significant 
beam/target  interactions  that  can  change  the  beam 
characteristics  before  there  has  been  significant  X-ray 
production. 

A  beam/target  interaction  is  considered  “bad”  if  it 
affects  either  of  the  key  radiographic  parameters,  source 
size  and  dose  (in  this  context,  there  are  no  interactions 
that  will  have  a  serious  impact  on  beam  eneigy).  This 
translates  into  interactions  that  have  a  significant  impact 
on  electron  positions  or  angles,  and  thus  on  the  positions 
and  angles  of  the  generated  X-rays.  X-rays  from  the 
wrong  position  will  typically  increase  the  effective  source 
size.  X-rays  emitted  at  the  wrong  angle  interact  with  the 
surrounding  environs  of  the  system  and.  ultimately 
become  a  source  of  background  noise,  rather  than  useful 
dose. 

SURVEY  OF  INTERACTIONS 

Let  us  consider  a  brief  survey  of  the  various 
beam/target  interactions.  The  primary  interactions  are,  of 
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course,  bremsstrahlung  and  small-angle  scatter  of 
electrons.  The  physics  of  these  interactions  need  not  be 
repeated  here  [3];  however,  a  detail  worth  noting  is  that  in 
radiographic  systems  the  “useful”  photons  are  generally 
those  emitted  within  a  small  angular  cone  of  some 
preferred  direction,  hereafter  referred  to  as  “forward 
dose.”  Small-angle  scatter  puts  a  limit  on  the  thickness  of 
target  material  that  will  produce  forward  dose.  Additional 
material  may  be  present,  and  may  have  electrons 
transporting  through  it,  but  very  few  of  those  electrons 
will  have  their  radiation  cones  aimed  in  the  preferred 
direction. 

The  most  dangerous  beam/target  interaction  in  the 
present  context  is  the  creation  and  extraction  of  light  ions 
from  contaminants  in  the  target  material.  By  disturbing 
the  delicate  balance  between  beam-generated  electric  and 
magnetic  forces,  ions  change  the  beam  transport  in  the 
target  vicinity  and  are  capable  of  disrupting  source  size 
and  lowering  forward  dose.  A  typical  target  is  a  prompt 
source  of  ions,  since  just  a  few  ns  of  heating  brings  the 
target  to  a  temperature  -600  K,  which  is  enough  to  desorb 
contaminants  on  the  target  surface.  The  desorbed  neutrals 
are  then  ionized  by  the  beam.  After  tens  of  ns,  the  bulk 
target  material  is  heated  into  the  eV  range,  and  thermal 
ionization  becomes  the  dominant  ion  source.  Much  work 
has  been  done  recently  to  investigate  the  low-temperature 
mechanisms  of  ion  production;  details  can  be  found  in  [4] 
and  [5]. 

The  hydrodynamic  evolution  of  the  vapor-  or  plasma- 
state  target  material  is  not  a  direct  beam/target  interaction, 
but  nevertheless  has  significant  impact  on  dose  and  source 
size.  Radial  motion  of  the  target  moves  material  out  of  the 
electron  beam,  lowering  the  integrated  line  density  of 
material  and  therefore  the  dose.  Axial  motion  of  the  taiget 
changes  the  geometric  aspect  ratio  between  small-angle 
scatter  and  X-ray  production,  so  that  the  effective  source 
size  increases  at  fixed  incoming  beam  size.  Thus,  target 
motion  places  a  fundamental  limit  on  the  multi-pulse 
performance  of  a  passive  target. 

There  are  a  host  of  other  interactions,  but  in  the  present 
application  they  are  “benign”  in  the  sense  that  they  do  not 
affect  dose  or  source  size.  Typically  they  either  make  a 
change  to  the  system  that  is  steady-state  relative  to  the 
beam  flattop,  or  the  interaction  length  is  too  small  to  have 
a  deleterious  effect.  Backscattered  electrons  [6]  are  an 
example  of  the  former.  Secondary  electrons  that  escape 
from  the  target  are  trapped  in  the  negative  potential 
produced  by  the  beam  space  charge  in  front  of  the 
grounded  target;  the  system  reaches  steady  circulation  in  a 
few  transit  times,  rbea„/c  ~  a  few  ps.  This  low-eneigy 
electron  “fog”  changes  the  beam  transport  as  a  function  of 
target  thickness,  but  is  compensated  via  static  changes  to 
the  transport  system  for  a  given  target. 

The  low-density  plasma  plume  ahead  of  the  bulk  taiget 
material  can  interact  with  the  beam  as  the  taiget  expands. 
At  densities  much  lower  than  those  which  generate 
significant  X-rays,  the  plasma  will  still  support 
macroscopic  image  charges  and  currents  in  response  to 
the  beam  charge  and  current.  In  any  beam-plasma  system. 


one  must  also  worry  about  exciting  a  broad  family  of 
microscopic  instabilities.  However,  the  neutral  plasma 
plume  is  moving  at  a  velocity  of  order  the  thermal  speed. 
For  Ta  at  5  eV  this  is  -2.3  mm/ps,  so  that  even  after 
several  ps  the  plume  size  is  -1  cm.  This  is  too  short  an 
interaction  length  to  affect  beam  transport,  even  for  a 
beam  experiencing  either  extreme  of  complete  charge  or 
complete  current  neutralization  via  macroscopic 
mechanisms.  Any  microscopic  modes  that  could  be 
excited  would  be  strongly  convective  and  insignificant 
over  such  a  short  length.  This  has  been  verified 
experimentally,  as  detailed  below. 


BACKSTREAMING  ION  BEHAVIOR 


The  extraction  of  ions  by  the  electron  beam  space 
charge  from  a  source  close  to  the  target  surface  has  been 
considered  in  numerous  prior  studies  [e.g.  7].  However,  it 
will  be  useful  to  review  some  of  the  basic  behavior. 

By  disrupting  the  delicate  balance  between  beam  space 
charge  and  current  normally  present  in  beam  transport, 
positive  ions  produce  a  strong  focusing  effect  on  the 
electron  beam.  Ions  generated  in  the  region  where  the 
beam  is  focused  on  a  target  pinch  the  beam  to  a  smaller 
size,  and  move  the  location  of  the  new  focus  upstream, 
away  from  the  target.  The  beam  size  on  the  target,  and  the 
resulting  X-ray  source  size,  eventually  grow 
monotonically.  In  addition,  the  oscillatory  radial  motion 
of  the  ions  within  the  beam  produces  a  nonuniform  charge 
distribution  and  therefore  nonlinear  focusing  forces, 
resulting  in  beam  emittance  growth  and  a  corresponding 
reduction  in  forward  dose. 

The  strength  of  the  interaction  can  be  characterized  by  a 
quantity  called  the  disruption  length,  Lj  [8]. 
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The  disruption  length  represents  the  size  of  an  ion 
column  that  brings  a  beam  to  the  threshold  of  monotonic 
spot  growth.  The  envelope  of  the  beam  has  been 
overfocused  ahead  of  the  target  and  expanded  back  to  its 
original  spot  size  at  the  targe  plane.  At  full  neutralization, 
Lj  in  the  systems  of  interest  is  -4  cm. 

Light  ions  can  exceed  Lj  very  quickly.  For  a  typical 
accelerating  potential  of  300  kV,  protons  reach  0.76 
cm/ns,  so  that  at  the  end  of  a  50  ns  beam  pulse  the  ion 
column  would  be  38  cm  in  length.  Species  with  charge-to- 


mass  ratios  up  to  that  of  0-t  are  dangerous  in  50  ns. 

The  number  of  ions  to  fill  the  disruption  channel  is 
quite  small.  At  full  neutralization,  the  number  required  is 


or  what  would  be  produced  by  ionizing  one-tenth  of  a 
monolayer  of  surface  contaminants.  The  number  required 
is  less  at  lower  neutralizations  because  of  the  longer 
interaction  length  involved. 
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The  effect  can  be  observed  experimentally.  Figure  1 
shows  two  sets  of  gated  X-ray  camera  data  from  the  ETA- 
n  accelerator.  The  four  frames  from  left  to  right  shows 
data  at  different  times  within  a  single  pulse,  with  gates  of 
10  ns  each,  spanning  the  40  ns  flattop  of  the  beam.  The 
first  row  shows  a  large  incoming  beam,  which  has  a 
slower  heating  rate  and  lower  accelerating  potential, 
moving  into  the  pinch  phase  of  the  ion  effect  by  the  end 
of  the  pulse.  The  second  row  shows  a  tightly  focused 
incoming  beam  whose  fast  pinch  phase  is  not  captured  in 
these  frames,  showing  only  the  monotonic  growth  phase 
starting  very  early  in  time.  The  ions  are  beam-generated 
within  a  single  pulse  due  to  desorption  and  ionization  of 
surface  contaminants. 
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Figure  1:  Time  evolution  of  ETA-II  X-ray  spot  with  ions, 
for  large  (top  row)  and  small  (bottom)  initial  beam  sizes. 

Figure  2  shows  a  different  form  of  data.  The  first  plot  is 
a  continuous  record  of  beam  size  versus  time  taken  from  a 
streak  camera.  Two  sets  of  data  are  shown,  for  two 
different  beam  sizes.  In  these  experiments,  there  was  a 
strong  ion  source  present  at  very  early  times,  arising  from 
a  plasma  generated  very  promptly  by  flashing  over  the 
surface  of  a  quartz  dielectric  in  the  strong  radial  electric 
field  of  the  electron  beam.  The  second  plot  shows  an 
extremely  good  match  to  the  data  produced  via  PIC 
modeling.  The  time  axis  of  the  simulation  is  shifted 
relative  to  the  camera  data  so  that  the  simulation  starts  at 
the  beginning  of  the  current  flattop.  It  should  be  noted  that 
the  only  fitting  parameter  in  the  simulation  is  the  choice 
of  ion  species,  namely  H-i-.  While  there  is  much  new  data 
that  shows  H-h  does  not  make  up  a  significant  fraction 
ions  in  the  case  of  desorption,  the  quartz  flashover  data 
would  not  be  matched  by  any  heavier  species. 

Given  the  reality  of  ion  disruption,  it  is  vital  to  consider 
various  means  to  combat  the  effect.  The  two  obvious 
approaches  are  cleaning  and  blocking.  In  the  case  of 
cleaning,  one  seeks  to  remove  all  light  contaminants  from 
the  target  material,  generally  by  some  method  of  heating: 
resistive,  laser  ablation,  e-beam  heating.  Such  approaches 
are  attractive  since  they  do  not  interfere  with  the  beam 
itself,  but  have  undesirable  features  as  well.  Since  only  a 
small  number  of  ions  can  cause  problems,  the  cleaning 
must  be  very  thorough.  Furthermore,  most  approaches 
require  that  significant  amounts  of  additional  hardware  be 
incorporated  into  the  target  system;  cleaning  must  be  in- 
situ  since  the  redeposition  times  for  contaminants  present 


in  the  vacuum  system  are  short  relative  to  the  operational 
times  of  the  experiments. 

Blocking  means  preventing  the  ions  from  forming  the 
long  interaction  channel.  This  approach,  too,  has  its  pros 
and  cons.  An  approach  such  as  a  mechanical  barrier  can 
be  very  simple  to  implement;  however,  it  interacts  with 
the  beam.  Both  mechanical  and  electrical  approaches  (see 
[9]  for  examples  of  the  latter)  tend  to  result  in  trapping 
rather  than  absorption  of  ions,  and  an  ion  column  too 
short  to  disrupt  the  beam  focus  can  still  cause  emittance 
growth. 


Figure  2:  Data  (top)  and  simulation  (bottom)  of  beam 
disruption  by  prompt  flashover  ion  source. 

TRAPPING  IONS  WITH  A  FOIL  BARRIER 

The  simplest  technique  for  blocking  ions  is  to  insert  a 
mechanical  barrier,  in  the  form  of  a  thin  foil,  upstream  of 
the  target  [10].  In  order  for  the  barrier  to  not  be  simply 
another  contaminated  surface  that  generates  ions,  a 
number  of  constraints  must  be  met,  some  of  them 
conflicting: 

•  The  foil  must  be  a  grounded  conductor.  A 
dielectric  will  quickly  flash  over  in  the  radial  field 
of  the  electron  beam. 

•  The  foil  must  be-thick  and  strong  enough  for  self- 
support,  but  at  the  same  time  thin  and  light  enough 
that  the  foil  material  is  not  strongly  heated  by  the 
beam,  and  does  not  scatter  the  beam  much  in 
passage.  A  beam  such  as  DARHT-li  caii  have  its 
emittance  doubled  by  less  than  40  n  Of  graphite. 

•  The  foil  must  be  close  enough  to  the  target  so  that 
the  spacing  is  less  than  Lj,  but  at  the  same  time  far 
enough  that  the  beam  envelope  is  large  enough  to 
avoid  significant  heating. 
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Radiographic  requirements  set  the  beam  size  on 
the  target,  and  the  previous  requirements  set  the 
beam  size  at  the  foil  and  the  space  between  them. 
This  defines  a  beam  envelope,  and  that  envelope 
must  be  consistent  with  the  transport  system. 


Once  these  requirements  are  met,  the  resulting  volume 
defined  by  the  grounded  target,  grounded  barrier,  and 
grounded  beam  pipe  forms  a  trap  rather  than  an  ion 
absorber.  Consider  the  motion  of  an  individual  ion  as  a 
function  of  the  z  coordinate  between  the  target  and  the 
barrier.  If  the  potential  were  one-dimensional,  this  would 
be  a  classical  turning-point  problem  where  an  ion  injected 
at  one  end  with  zero  energy  would  reach  the  opposite  end 
also  with  zero  energy,  and  reflect.  Any  finite  injection 
energy  would  kick  the  ion  from  the  far  end  of  the  trap.  In 
two  or  three  dimensions,  however,  the  problem  is 
completely  different.  Consider  a  potential  (jio  in  (r,z)  space 
that  is  1-D  in  z;  a  trough  of  infinite  radial  extent. 
Superimpose  on  this  a  small  2-D  “bump”  of  localized 
extent,  (}),,  as  in  Figure  3. 


Figure  3;  Particle  motion  in  1-D  trough  with  2-D  bump. 

A  particle  passing  over  this  bump  off-center  will  pick  up  a 
“kick”  in  radial  velocity,  which  for  small  perturbations  is 
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As  the  particle  rises  up  the  far  end  of  the  trough,  there 
cannot  be  any  radial  forces  near  the  grounded  surface  that 
can  bring  the  radial  velocity  back  to  zero.  There  is  no  path 
the  particle  can  take  back  to  zero  energy,  and  it  will 
reflect  in  z  at  a  critical  point  defined  by 


This  result  can  be  generalized  to  arbitrarily  shaped 
grounded  surfaces,  where  it  can  be  shown  that  the  bounce 
near  the  surface  is  essentially  a  specular  reflection  of  the 
particle. 

In  the  case  of  an  ion  in  an  electron  beam,  instead  of  a 
localized  bump  there  is  a  long  trench,  but  the  mechanism 
is  identical.  For  an  ion  oscillating  in  a  uniform,  parallel 


beam,  the  average  kinetic  energy  tied  up  in  radial  velocity 
near  the  barrier  is 

^^^emission^  ^2  , 

!?>,*, -13tV 

where  is  the  drop  from  the  beam  edge  to  the  center, 
~60  kV.  This  represents  the  average  injection  energy  it 
would  take  to  kick  an  ion  into  the  barrier,  and  is  clearly 
greater  than  any  reasonable  thermal  energy.  The  trapping 
effect  is  robust.  This  has  been  verified  by  fully  self- 
consistent  PIC  simulations  [11]. 

The  notion  of  a  grounded  surface  as  specular  reflector 
leads  to  conceptual  (not  necessarily  practical)  surfaces 
that  can  “bounce”  ions  completely  out  of  the  electron 
beam.  The  ions  are  not  energetically  trapped  within  the 
beam,  although  they  tend  to  remain  so  geometrically. 
Thus,  one  can  modify  the  geometry  to  change  this 
behavior.  Figure  4  shows  one  such  conceptual  surface, 
along  with  the  beam  envelope  and  tracks  of  ions  that 
reach  considerable  radii  outside  the  beam.  Such  a  system 
could  use  a  dielectric  absorber  to  catch  the  ions,  or  simply 
take  advantage  of  a  much  slower  increase  in  f(t),  since  the 
volume  to  be  filled  becomes  the  pipe  volume  and  not  the 
beam  volume. 

Flat  barrier  systems  have  been  tested  successfully  in 
ETA/Snowtron  double-pulse  experiments  [3].  In  addition 
to  validating  the  barrier  concept,  the  experiments  also 
demonstrated  safe  transport  of  the  electron  beam  through 
plasma  plumes  of  various  sizes,  as  the  experiment  was 
repeated  for  various  delay  times  between  the  Snowtron 
pulse  which  generated  the  plasma  and  the  ETA-II  pulse 
which  probed  it.  Longer  times  allowed  the  target/barrier 
region  to  fill  with  larger  amounts  of  plasma;  a  tight 
focused  was  maintained  in  all  cases. 


Z(m) 

Figure  3:  Surface  which  “bounces”  ions  out  of  beam 

TARGET  HYDRODYNAMICS 

Target  motion  is  the  result  of  beam/target  interactions 
rather  than  an  interaction  unto  itself,  but  it  is  a  critical 
phenomenon.  It  can  be  easily  shown  that,  at  long  times 
relative  to  the  initial  acoustic  transit  time  across  the  target, 
the  decay  of  on-axis  line  density  has  the  form 
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where  d  is  the  target  half-thickness  and  Po  the  initial 
density.  The  time  dependence  is  independent  of  the 
material  properties  of  the  target,  which  enter  only  through 
the  scale  time,  t^iecay  Let  us  consider  the  case  of  a  beam 
with  scale  radial  dimension  a  in  the  limit  of  e  =  d/o  «  1. 
One  can  then  show  that  t^y  has  the  form 

l^-^EOS(Xl 

where  EOS(l)  is  an  equation  of  state-dependent  factor  of 
order  unity,  and  is  the  initial  sound  speed  of  the  target 
material  just  after  heating  by  a  beam  pulse. 

The  geometric  contribution  to  is  set  by  the 
radiographic  requirements  and  cannot  be  changed.  The 
initial  sound  speed  is  a  function  of  the  energy  deposition, 
which  is  also  constrained  by  the  radiographic 
requirements,  and  a  lumped  parameter  we  wilt  call 
Ebond  is  a  measure  of  the  energy  required  per  target  atom 
to  bring  it  from  the  initial  solid  state  to  complete  vapor,  at 
essentially  fixed  volume.  This  is  a  possible  knob  to 
improve  target  performance. 

One  approach  to  using  the  Ee<,„d  knob  is  the  composite 
target  concept,  described  in  [12].  The  basic  idea  is  build  a 
designer  mixture  of  high-Z  material,  for  X-ray  production, 
and  low-Z  material,  that  serves  as  a  heat  sink.  By  building 
the  material  with  sufficiently  small  scale  size  of  the  high- 
Z  material,  one  achieves  fast  heat  transfer  from  high-Z  to 
low-Z  on  the  time  scale  of  a  single  beam  pulse.  The 
material  is  designed  such  that  the  areal  number  density  of 
low-Z  material  is  much  higher  than  the  high-Z;  the  result 
is  to  add  many  more  bonds  that  must  be  broken  before  the 
material  can  be  vaporized,  faster  than  one  adds  additional 
beam  heating  or  scatter  due  to  the  presence  of  the 
additional  low-Z  material. 

Composite  targets  have  been  successfully  fabricated 
and  tested  at  the  ETA-II  facility.  Figure  5  compares 
measurements  of  t^y  for  solid  Ta  and  a  Ta/B4C 
composite;  the  measurements  were  made  with  a  low- 
energy  X-ray  backlighter  after  targets  were  struck  with  the 
ETA-II  beam.  The  composite  material  has  decay  times 
three  times  greater  than  solid  Ta  at  the  tightest  beam  sizes, 
increasing  to  six  times  greater  at  more  moderate  sizes,  a 
significant  improvement. 

CONCLUSIONS 

Electron  beam/converter  target  interactions  in  the 
context  of  radiography  are  judged  by  their  effect  on  the 
two  key  radiographic  parameters,  dose  and  source  size.  In 
general,  short  interaction  lengths  protect  against  all  but 
two  interactions;  backstreaming  ions,  and  the  thermally 
driven  expansion  of  the  target  material.  While  very  small 
amounts  of  ions  can  disrupt  the  beam  very  quickly,  the 


foil  barrier  technique  has  proven  to  be  a  simple  and 
effective  remedy.  Similarly,  dramatic  decreases  in  the  rate 
at  which  line  density  depletes  due  to  target  expansion 
have  been  achieved  in  successful  tests  of  composite  target 
materials. 
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Figure  4:  Decay  time  for  composite  vs.  solid  Ta. 
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Abstract 

A  proof  of  principle  experiment  of  an  Induction 
Synchrotron  [1,2]  is  scheduled  in  2003  at  the  KEK 
12GeV-PS.  Proton  bunches  are  accelerated  with  a  lOkV 
of  rectangular  shaped  induction  voltage.  An  accelerating 
system  consists  of  four  induction  cavities  capable  of 
individually  generating  a  2.5kV  of  output  voltage.  Each 
cavity  is  driven  by  a  solid-state  power  modulator,  which 
is  operated  at  a  revolution  frequency  of  600-800  kHz.  The 
modulator  circuit  consists  of  MOS-FETs  as  switching 
element. 

Uniformity  in  the  voltage  waveform  is  crucial  for  the 
stable  acceleration.  Ringing  in  the  voltage  waveform 
caused  by  coupling  of  self-inductance  of  circuit  and 
output  capacitance  of  MOS-FETs  deteriorates  the 
uniformity.  With  the  help  of  circuit  analysis  and 
simulation,  method  of  minimizing  the  self-inductance  has 
been  developed.  Ratio  of  numbers  of  MOS-FETs  in  series 
and  in  parallel  which  defines  the  total  output  capacitance 
is  also  important  to  design  the  power  modulator  circuit. 

Power  loss  in  MOS-FET  is  also  important  for  stable 
operation  of  the  power  modulator.  By  the  circuit  analysis, 
it  is  also  found  that  the  output  capacitance  contributes  to 
the  power  loss. 

1  INTRODUCTION 

A  novel  concept  of  a  proton  synchrotron  [1],  referred 
to  as  an  Induction  Synchrotron,  was  proposed  by 
K.Takayama  and  J.Kishiro.  The  Induction  Synchrotron 
employs  two  types  of  induction  cavities  and  power 
modulators  [2];  one  is  for  acceleration  and  the  other  is  for 
the  confinement  of  proton  beams.  This  functional 
separation  between  beam  handling  and  acceleration 
enables  us  to  increase  the  beam  intensity  by  utilizing  the 
longitudinal  phase  space  efficiently  with  an  induction 
barrier  voltage  and  an  induction  acceleration  voltage. 

One  of  the  key  devices  of  the  Induction  Synchrotron  is 
a  power  modulator  which  generates  a  rectangular  shaped 
voltage  at  a  magnetic  core  loaded  induction  cavity  with 
the  same  repetition  rate  as  the  revolution  frequency  of 
proton  beams  of  up  to  1  MHz. 

The  induction  power  modulator  consists  of  four 
switches  by  MOS-FETs  and  composing  a  full  bridge 
circuit  as  in  DC-AC  converter.  The  circuit  of  the 
induction  power  modulator  and  its  trigger  sequence  is 
shown  in  Fig.l.  In  sequence  I)  and  3)  the  voltage  is 


induced  at  the  magnetic  core  with  non-zero  value  of  dl/dt. 
In  sequence  2)  and  4)  the  primary  current  with  dl/dt 
nearly  equal  to  zero  flows  to  the  magnetic  core  without 
inducing  a  secondly  voltage.  Following  those  sequences 
from  1)  to  4),  a  bipolar  pulse  voltage  with  the  same 
amplitude  is  generated  at  the  magnetic  core. 


Fig.  1  :  Circuit  of  the  Induction  Power  Modulator  and  its 
trigger  sequence 

This  report  describes  recent  progress  in  the 
development  of  induction  power  modulator. 

2  SPICE  CIRCUIT  MODEL 

In  a  Spice  model  of  the  induction  power  modulator, 
drain  current  dependence  on  drain  to  source  voltage  of 
MOS-FET  is  characterized  by  Shichman-Hodges  model. 
In  this  model,  drain  current  is  characterized  by  following 
two  equations. 

Id  =  ^{{ygs-Vt)Vds-^-^}  (1) 

for  linear  region  in  which  drain  current  has  almost  linear 
dependence  on  drain  to  source  voltage.  And 
kW 

Id  =  ^iVgs  -  Vtf  (1  -1-  AVds)  (2) 

for  saturation  region  in  which  drain  current  is  square 
dependence  on  gate  voltage.  Here  L  is  the  channel  length. 
W  is  the  channel  width.  Vt  is  the  gate  threshold  voltage. 
K  is  transconductance  parameter.  Lambda  is  channel 
length  modulation.  Parasitic  capacitance,  caused  by  P-N 
junction  between  p-substrate  and  n+  drain,  is  modelled  by 
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capacitance  inserted  between  drain  and  source.  Spice 
calculation  result  for  drain  current  characterization  is 
plotted  in  Fig.  2.  Although  an  error  between  measured 
and  calculated  results  was  up  to  46%  for  lower  gate 
voltage  of  around  threshold  voltage,  we  had  good 
agreement  of  the  order  of  few  %  with  higher  gate  voltage 
of  up  to  15  [V].  Here  the  threshold  voltage  for  modelled 
MOS-FET  was  3.85V. 


both  output  capacitance  and  self-inductance  should  be 
minimized. 

Total  amount  of  output  capacitance  is  determined  by 
number  of  MOS-FETs  in  series  and  in  parallel.  So,  to 
design  the  induction  power  modulator,  proper  choice  of 
number  of  MOS-FETs  in  series  and  in  parallel  should  be 
made  to  avoid  output  voltage  deterioration  by  resonant 
coupling.  Total  amount  of  output  capacitance  is 
calculated  as  low  as  25  [pF]  with  7  series  and  1  parallel 
MOS-FETs. 

Numerical  treatment  of  self-inductance  is  also  important 
to  design  the  induction  power  modulator.  To  do  this,  we 
modelled  a  wiring  pattern  of  circuit  as  rectangular  shaped 
wiring  with  its  height  of  a  [m],  width  of  b  [m]  and  radii  of 
wire  of  r  [m].  The  self-inductance  of  Ais  rectangular 
wiring  is  calculated  as  in  the  following  equation. 


Fig.  2  :  Calculated  drain  current  dependence  of  modelled 
MOS-FET 

Self-inductance  of  power  modulator  circuit  should  exist. 
For  simplicity,  it  was  inserted  at  typical  four  points  as  in 
Fig.  3. 


+  {a  +  b) log(-^^)  -H  2-yja^  +b^  --(a  +  b)} 
r  4 

It  is  found  that,  by  proper  choice  of  those  parameters, 
self-inductance  of  the  power  modulator  is  minimized.  For 
a=l  [mm],  b=l  [m]  and  i=3  [mm],  calculated  self¬ 
inductance  is  as  low  as  92  [nH]. 

With  above  numerically  calculated  parasitic  elements, 
output  voltage  was  simulated  as  in  Fig.  4. 


Fig.  4  ;  Simulated  output  wave  form  of  the  induction 
power  modulator 


3  THERMAL  DESIGN 

Stable  operation  of  semiconductor  devices  requires 
accurate  estimation  of  power  loss  and  proper  cooling 
system.  By  the  help  of  Spice  simulation,  power  loss  at 
each  of  the  MOS-FET  was  calculated  as  in  Fig.  5. 


Fig.  3  :  Spice  model  of  the  induction  power  modulator 

From  this  calculation,  it  was  found  that  the  resonant 
coupling  occurred  by  the  output  capacitance  of  MOS-FET 
and  by  the  self-inductance  of  modulator  circuit.  As  the 
resonant  frequency  is  expressed  by  following  equation. 
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Fig.  5  :  Calculated  power  loss  at  MOS-FET 

As  power  loss  is  defined  by  following  equation,  it  is 
calculated  as  55  [W]  for  each  MOS-FET. 

(5) 

Calculation  is  done  with  resistor  load  of  120  [Q]  which 
corresponds  to  an  impedance  of  an  induction  cavity.  We 
have  decided  to  employ  the  indirect  water  cooling  system 
for  the  induction  power  modulator  after  above  calculation. 
Characteristic  values  of  the  induction  power  modulator 
are  listed  in  table  1 . 


Table  1  :Design  values  and  characteristics  of  the  Induction 
Power  Modulator 


DC  Power  Supply 

50[kW] 

Output  Voltage 

2.5  [kV] 

Peak  Output  Current 

821  [A] 

Duty  of  Pulse 

50  [%] 

Power  Loss  at  MOS-FET 

55[W] 

Cooling  of  MOS-FET 

Indirect  water  cooling 

ft  of  MOS-FETs  in  Series 

7 

#  of  MOS-FETs  in  Parallel 

1 

Fig.  6  :  500kHz  burst-mode  operation  loaded  with 
induction  cavity. 


5  CONCLUSIONS 

An  induction  power  modulator  has  been  developed  and 
successfully  operated  with  induction  cavity  load  in  burst 
mode.  A  repetition  rate  of  500  [kHz]  with  500  [nsec]  of 
bipolar  pulses  was  achieved.  The  output  voltage  measured 
at  cavity  gap  was  2.0  [kV], 
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4  OPERATION  RESULTS 

The  induction  power  modulator  loaded  with  induction 
cavity  was  successfully  operated  in  burst  mode  operation 
for  test  purpose.  Repetition  frequency  was  500  [KHz]. 
Output  voltage  measured  as  gap  voltage  was  2.0  [kV]  as 
in  Fig.  6. 
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Abstract 

The  Spallation  Neutron  Source  (SNS)  ring  is  designed  to 
accumulate  beam  pulses  of  1 .5  x  10^'*  protons  of  1  GeV  ki¬ 
netic  energy  at  a  repetition  rate  of  60  Hz  [1],  At  such  beam 
intensity  and  power,  key  design  challenges  include  con¬ 
trol  of  beam  loss  and  radio-activation,  construction  of  high- 
quality  large-aperture  magnets  and  power  supplies,  design 
of  robust  injection  and  extraction  systems,  minimization 
of  beam-coupling  impedances,  and  mitigation  of  electron- 
cloud  effects.  This  paper  discusses  the  status  of  the  ring 
systems  with  emphasis  on  technical  challenges  and  issues, 
and  presents  future  perspectives  towards  a  next-generation 
high-intensity  facility. 

INTRODUCTION 

The  SNS  project  is  presently  in  the  5th  year  of  a  7-year 
constmction  cycle  [2].  The  SNS  ring,  designed  and  con¬ 
structed  mainly  by  the  Brookhaven  National  Laboratory, 
will  accumulate  pulses  of  1.5  xlO^'*  protons  of  1  GeV  ki¬ 
netic  energy  at  a  repetition  rate  of  60  Hz  (Table  1)  [1]. 

The  primary  concern  is  beam-loss  induced  radioactiva¬ 
tion  that  can  limit  the  ring’s  availability  and  maintainabil¬ 
ity.  With  a  dedicated  beam  collimation  in  the  ring  at  an 
efficiency  above  90%,  the  tolerable  fractional  beam  loss  is 
about  10“®  [3]. 


energy  *  momentum 

corrector  ^  colh>nation 

transverse  linac  dump 

coSmation 


ext.  dump 


-/A 


Figure  1:  Layout  of  the  SNS  accumulator  ring,  the  high- 
energy  beam  transport  (HEBT),  and  the  ring-to-target 
transport  (RTBT). 


*SNS  is  managed  by  UT-Battelle,  LLC,  under  contract  DE-ACX)5- 
OOOR22725  for  the  U.S.  Department  of  Energy.  SNS  is  a  partnership 
of  six  national  laboratories:  Argorme,  Brookhaven,  Jefferson,  Lawrence 
Berkeley,  Los  Alamos,  and  Oak  Ridge, 
t  jwei@bnl.gov 


Table  1:  Major  parameters  of  the  SNS  accumulator  ring 
and  its  transport  lines  (HEBT  and  RTBT). _ 


Quantity 

Value 

Circumference 

248.0  m 

HEBT,  RTBT  length 

169, 151  m 

Beam  energy 

1  GeV 

Magnetic  rigidity,  Bp 

5.657  Tm 

Average  beam  power 

1.5  MW 

Repetition  rate 

60  Hz 

Number  of  protons  per  pulse 

1.6x1014 

Revolution  frequency 

1.058  MHz 

Peak  RF  voltage  {h  =  1,  2) 

(40, 20)  kV 

No.  of  RF  station  (ring,  HEBT,  RTBT) 

4,  2,0 

Unnorm,  emittance  (e^  +  Cy,  99%) 

240  TT/zm 

Betatron  acceptance 

480  TT/zm 

RF  momentum  acceptance 

±  1  % 

Transverse  tunes  Vy) 

6.23,  6.20 

Transition  energy,  77- 

5.23 

Natural  chromaticities  (fj,,  ^y) 

-7.9,  -6.9 

No.  of  super-periods 

4 

No.  of  dipole  (ring,  HEBT,  RTBT) 

39,  9, 1 

Ring  dipole  field 

0.7406  T 

Ring  dipole  gap  height 

170  mm 

No.  of  quad  (ring,  HEBT,  RTBT) 

53, 40,  32 

Ring  quad  inner  diameter 

210-300  mm 

No.  of  sextupole  (ring,  HEBT,  RTBT) 

20, 0, 0 

Sextupole  inner  diameter 

210-260  mm 

No.  of  corrector  (ring,  HEBT,  RTBT) 

61,  18, 17 

No.  of  kicker  (injection,  extraction) 

8, 14 

No.  of  scraper  (ring,  HEBT,  RTBT) 

4,5,0 

No.  of  absorber  (ring,  HEBT,  RTBT) 

3,  3,2 

No.  of  vacuum  pumps  (ring,  HEBT,  RTBT) 

50, 18, 12 

No.  of  power  supply  (ring,  HEBT,  RTBT) 

156, 48,47 

No.  of  BPM  (ring,  HEBT,  RTBT) 

44,  37, 17 

No.  of  loss  monitor  (ring,  HEBT,  RTBT) 

82,  62, 43 

No.  of  current  monitor  (ring,  HEBT,  RTBT) 

2,5,5 

No.  of  profile  monitor  (ring,  HEBT,  RTBT) 

4, 13,  8 

Vacuum  pressure,  ring 

10-«  Torr 

ACCELERATOR  DESIGN  CHOICES 

Accumulator  ring 

During  the  first  year  of  constmction,  a  study  was  per¬ 
formed  comparing  the  present  stmcture  of  full-energy 
linac  plus  accumulator  ring  to  a  rapid-cycling-synchrotron 
(RCS)  design:  a  60  Hz,  400  MeV  linac  feeds  two,  vertically 
stacked  RCSs  accelerating  the  proton  beam  to  2  GeV  en¬ 
ergy.  The  biggest  challenge  to  the  RCS  design  is  from  the 
stringent  (1  W/m)  beam-loss  criterion:  although  relaxed  by 
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a  factor  of  5,  still  only  0.4%  uncontrolled  loss  is  allowed 
for  a  2  MW  beam  power  assuming  90%  collimation  effi¬ 
ciency.  On  the  other  hand,  among  existing  rings  the  lowest 
loss  of  about  0.3%  is  achieved  at  LANL’s  PSR,  a  800  MeV 
accumulator,  as  opposed  to  typical  losses  of  a  few  to  tens 
of  percent  in  RCSs  (e.g.  ISIS,  FNAL  and  AGS  Boosters). 

As  opposed  to  the  accumulator,  the  RCSs  operating  at  30 
Hz  require  a  high  RF  voltage  (about  400  kV  per  ring  at  1.4 
-  1.9  MHz)  for  fast  acceleration,  a  large  magnet  aperture 
to  accommodate  the  space  charge  at  a  lower  energy,  ce¬ 
ramic  vacuum  pipes  with  detailed  RF  shielding,  and  high- 
performance  power  supplies.  Minimization  of  magnetic  er¬ 
rors  due  to  eddy  current,  ramping,  saturation,  and  power- 
supply  tracking  is  non-trivial.  The  study  concluded  that  the 
required  RCS  design  is  technically  more  demanding  and 
less  cost  effective  [4]. 

Permanent  magnets  were  considered  as  an  option  for  the 
accumulator  ring  magnets.  Electromagnetic  magnets  were 
chosen  instead,  given  the  uncertainty  in  the  linac  energy. 
This  choice  is  especially  appropriate  to  accommodate  later- 
adopted  superconducting-RF  linac. 

Ring  FODO-doublet  lattice 

The  four-fold  symmetric  ring  lattice  contains  four 
dispersion-free  straights,  each  housing  injection,  collima¬ 
tion,  RF,  and  extraction  (Fig.  1).  Each  achromatic  arc  con¬ 
sists  of  4  FODO  cells  with  90°  horizontal  phase  advance. 

After  optimization,  the  ring  lattice  has  doublet  straights 
[1].  The  lattice  combines  the  FODO  structure’s  simplicity 
and  ease  of  correction  with  the  doublet  structure’s  flexibil¬ 
ity  for  injection  and  collimation.  Injection  at  a  dispersion- 
free  region  allows  independently  adjustable  painting  in  the 
transverse  (with  orbit  bumps  in  the  ring)  and  longitudinal 
(with  an  energy-spreading  phase-modulated  RF  cavity  in 
the  HEBT)  directions  for  a  robust  operation.  The  12.5  m- 
long  uninterrupted  straight  section  with  a  flexible  phase  ad¬ 
vance  further  improves  collimation  efficiency.  Comparing 
with  the  original  all-FODO  lattice,  matching  between  the 
arcs  and  the  straights  increases  the  arc  acceptance  by  50% 
with  the  same  magnet  aperture  (Fig.  2). 


Figure  2:  SNS  ring  FODO/doublet  lattice. 


Lessons  learned 

Solid-steel,  as  opposed  to  laminated-steel,  was  selected 
for  most  ring  and  transport  magnet  cores  for  cost  savings. 


Intreral  Transfrr  Kunrtion  at  1.0  GeV  in  SDI7  Dipoln 


Figure  3:  ITF  Variation  of  the  dipole  magnets  before  and 
after  shimming  (courtesy  R  Wanderer  and  A.  Jain). 


Individually,  good  field  quality  (~  1 0  ^  relative  error  at  full 
aceeptance)  is  achieved.  However,  excessive  (up  to  0.25%) 
magnet-to-magnet  variation  is  found  in  the  dipole  integral 
transfer  function  (ITF)  and  its  current  dependence  (Fig.  3) 
[5].  These  dipoles  are  shimmed  with  iron  sheets  to  achieve 
below  10“^  variation  for  1  GeV  operation,  and  sorted  ac¬ 
cording  to  1.3  GeV  measurement  data  to  minimize  orbit 
corrector  strength.  Ring  quadrupoles  are  partly  sorted  ac¬ 
cording  to  the  power-supply  family,  and  partly  shimmed  to 
achieve  below  10“^  variation  among  each  family. 

The  design  does  not  allow  in-situ  baking  of  vacuum 
chambers  that  is  needed  for  alternative  NEG  film  coating. 

PHYSICAL  CHALLENGES 

Main  ring  challenges  include  meeting  the  target  require¬ 
ments  on  the  peak  current  density,  minimizing  uncontrolled 
beam  loss,  and  controlling  collective  effects  (space  charge, 
instabilities,  electron  cloud  [1]. 

Beam  loss 

Tables  2  and  3  list  the  expected  controlled  and  uncon¬ 
trolled  beam  loss.  Beam  collimation  is  performed  at  multi¬ 
ple  locations  (Fig.  1)  to  minimize  the  uncontrolled  loss. 

Space  charge 

The  dominant  collective  effects  are  expected  to  be  beam 
halo  and  beam  loss  generated  by  space-charge  related  res- 


Table  2:  Estimated  controlled  loss  for  a  2  MW  beam. 


Mechanism 

Location 

Fraction 

HEBT: 

H°  from  linac 

linac  dump 

10-5 

linac  transverse  tail 

HA^'-collimator 

10-5 

linac  energy  jitter/spread 

L-collimator 

10-5 

Ring: 

beam-in-gap 

BIG  kicker 

10-4 

excited  H°  at  foil 

collimator 

1.3x10-5 

partial  ionization  at  foil 

injection  dump 

10-5 

foil  miss 

injection  dump 

10-5 

ring  beam  halo 

collimator 

1.9  X  10-5 

energy  straggling  at  foil 

collimator 

3x10-5 

RTBT: 

kicker  misfiring 

collimator 

10-5 
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Table  3:  Estimated  uncontrolled  loss  of  a  2  MW  beam. 


Mechanism 

Location 

Fraction 

Power 

[W/m] 

HEBT: 

H  magnetic  strip. 

all  HEBT 

1.7x10-® 

0.02 

collimator  out-scatt. 

achromat 

7.5x10-® 

0.1 

Ring: 

H“  magnetic  strip. 

inj.  dipole 

1.3x10-’' 

0.3 

nucl.  scatt.  at  foil 

foil 

3.7x10-® 

2.5 

collimation  ineff. 

all  ring 

o 

1 

0.9 

RTBT: 

nucl.  scatt.  at  window  target  window 

4x10-2 

onance  crossing  [6].  Other  intensity-limiting  mechanisms 
include  electron-cloud  effects  and  instabilities  due  to  the 
extraction-kicker  coupling  impedance  (Table  4). 

The  maximum  incoherent  space-charge  tune  spread  is 
chosen  to  be  0.15  to  avoid  resonance-induced  beam  loss 
(Fig.  4).  Transversely,  the  beam  is  painted  to  a  full,  un¬ 
normalized  total  emittance  of  240  7r//m.  Longitudinally, 
a  dual-harmonic  RF  system  is  used  to  achieve  a  bunching 
factor  ~  0.45,  and  HEBT  energy  spreader  is  used  to  paint  a 
full  momentum  spread  of  ±0.7%  without  enhancing  tails. 

Impedance  and  instabilities 

Efforts  are  made  to  reduce  the  coupling  impedance  in 
a  frequency  range  from  about  200  Hz  to  above  50  MHz. 
14  extraction  kickers  residing  inside  the  vacuum  chamber 
are  major  sources  of  transverse  impedance.  The  impedance 
associated  with  the  high-/i  ferrite  was  reduced  by  terminat¬ 
ing  the  pulse-forming  network  (PFN)  circuit  to  25  fl,  and 
by  maximizing  the  width  of  the  kicker  module  (Fig.  5). 

Electron-cloud  effects 

Electron  cloud  remains  to  be  an  unresolved  issue.  Com¬ 
puter  simulation  indicates  a  trailing-edge  electron  concen¬ 
tration  of  peak  value  near  15  nC/m,  much  higher  than  the 
value  simulated  for  the  PSR  ring  [8]. 

Mitigation  measures  involve  suppressing  electron  gen¬ 
eration  and  enhancing  Landau  damping  [9].  Magnetron 
(dc)  sputtering  is  used  to  coat  the  surfaces  with  O.I  jim 
TiN  to  reduce  electron  multipacting  (Fig.  6).  Electrons 


Table  4:  Collective  effects  and  estimated  thresholds  for  a 
2  MW  beam. 


Mechanism 

Threshold 

Trans,  space  charge 

Lusc  «  -0.2 

Long,  space  charge 

15  kV  induced  RF  voltage 

Trans,  microwave  instab. 

Zx  «  60  kfi/m 

Long,  microwave  instab. 
Resistive  wall 

|Z||/n|  w  100  n 

($  =  0) 

Zx  w  1.3  kQ/m  at  200  kHz 

(^  =  -3) 

Zx  «  100  kQ/m  at  200  kHz 

Electron-cloud 

above  2  nC/m 

Figure  4:  Transverse  tune  spread  at  the  end  of  injec¬ 
tion.  Computer  simulation  is  performed  with  UAL/ORBIT 
package  [7].  Effects  of  space  charge,  transverse  paint¬ 
ing,  chromaticity,  kinematic  non-linearity,  fringe  field,  and 
magnetic  manufacturing  impections  are  included. 


Open  termination 


2512  tennmation 


-  CMD5005 

_ C2050 

qI - ; - ^ ^ : - 1 

3  10  20  30  40  50 

flMHz] 


3  10  20  30  40  50 

f[MHz] 


Figure  5:  Comparison  of  measured  coupling  impedance 
for  open  and  25  fl  PFN  termination,  and  high  (1600)  and 
medium  (100)  permeability  ferrite  of  the  extraction  kicker 
(courtesy  D.  Davino  and  H.  Hahn). 


in  the  injection  region  are  guided  to  the  collectors  with  a 
low  backscattering  yield.  A  beam-in-gap  kicker  ensures 
a  clean  beam-gap.  Vacuum  ports  are  screened,  and  steps 
in  the  vacuum  pipe  are  tapered  to  reduce  peaked  electric 
fields  causing  electron  emission.  A  good  vacuum  reduces 
electrons  from  gas  ionization.  Solenoids  are  wound  in  the 
collimation  sections  to  reduce  multipacting.  Electrodes  are 
installed  in  the  injection  region  (10  kV)  and  around  the  ring 
at  BPM’s  (±1  kV)  to  clear  the  electron  cloud.  Electron  de¬ 
tectors  are  installed  at  susceptible  locations. 

Enhancement  of  Landau  damping  includes  a  large  vac¬ 
uum  chamber  at  locations  of  high  dispersion  and  a  large  RF 
voltage  to  provide  sufficient  momentum  acceptance,  longi¬ 
tudinal  painting  to  expand  the  momentum  spread  of  the  in¬ 
jecting  beam,  and  lattice  sextupole  families  for  chromatic 
adjustments.  Finally,  a  fast,  wideband  feedback  system  is 
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planned  to  damp  instabilities. 


Figure  6:  Measured  secondary-electron  yield  for  various 
coating  conditions  (courtesy  P.  He,  H.  Hseuh  et  al). 


TECHNICAL  ISSUES  &  STATUS 

Injection 

For  charge-exchange  injection  of  an  intense  H~  beam, 
free-hanging  carbon  and  diamond  foils  are  both  devel¬ 
oped  to  be  mounted  on  a  quick-exchange  mechanism  [10]. 
Stripped  electrons  are  guided  by  the  fringe  field  of  tapered 
magnets  and  collected  by  heat-resistant  C-C  material  at¬ 
tached  to  a  water-cooled  copper  plate  (Fig.  7).  Both  strip¬ 
ping  foils  and  the  electron  catcher  are  monitored  by  video 
systems. 

The  transverse  painting  is  achieved  by  4  horizontal  and 
4  vertical  dipoles  with  programmable  power  supplies.  The 
measured  minimum  rise  time  (about  175  (is)  is  below  the 
design  value.  The  longitudinal  painting  is  achieved  by  us¬ 
ing  a  RF  cavity  located  in  the  HEBT  that  is  phase  modu¬ 
lated  with  respect  to  the  linac  frequency. 

Collimation 

The  H  beam  in  the  HEBT  is  cleaned  with  stripping 
foils,  and  then  a  magnetic  field  separates  the  stripped  beam 
from  the  original  H“  beam.  The  transverse  collimation  is 
located  at  the  end  of  the  linac  upstream  of  the  energy  cor¬ 
rector,  and  the  longitudinal  collimation  is  located  in  the  90° 
bend  achromat. 

The  proton  beam  in  the  ring  is  cleaned  transversely  with 
a  two-stage  system,  wherein  the  primary  scraper  scatters 


Figure  7:  Injection  area  schematic  layout. 


the  beam  and  enhances  its  impact  distance  in  the  sec¬ 
ondary  collector,  so  achieving  a  cleaning  efficiency  above 
90%.  The  primary  scraper  consists  of  four  tantalum  blades, 
each  5  mm  thick.  They  are  spaced  in  45  degree  an¬ 
gles,  adjustable  to  the  varying  needs  of  collimation  aper¬ 
ture,  and  shielded  for  containing  radioactivity.  Due  to  re¬ 
liability  considerations,  the  secondary  collectors  are  non- 
adjustable.  Their  vacuum  chambers  are  made  of  double¬ 
layered  stainless-steel  filled  with  helium  gas  between  the 
layers  to  detect  leaks  [11].  Longitudinally,  the  proton  halo 
moved  into  the  beam  gap  is  cleaned  by  the  beam-in-gap 
kicker  and  collected  by  the  two-stage  collimation  system 
during  the  last  100  turns  before  extraction. 

Extraction 

The  beam  is  extracted  during  a  single  turn  by  being 
kicked  vertically  into  the  extraction  channel  of  septum 
magnet.  The  septum  bends  the  beam  horizontally,  and  is 
also  rotated  to  correct  the  vertical  kicks.  The  kicker  sys¬ 
tem  consists  of  14  individually  powered  modules,  so  that 
beam  loss  is  negligible  when  one  module  fails.  The  PFNs 
are  installed  outside  the  ring  tunnel  for  easy  maintenance. 
The  phase  advance  between  the  extraction  kicker  and  the 
target  is  chosen  so  that  the  beam’s  position  on  target  does 
not  change  if  errors  develop  with  the  kickers. 

To  avoid  complications  due  to  rapid  variations  of  the 
magnetic  field,  kicker  magnets  are  made  with  a  single-tum 
coil-winding  and  are  placed  inside  the  vacuum  chamber. 
Good  field  quality  is  achieved  with  a  high-permeability 
ferrite  material.  Saturable  inductors  isolate  the  influence 
of  the  PFN,  shorten  the  rise  time,  and  improve  the  flat¬ 
ness  of  the  kicker-pulse’s  waveform.  Beam  density  depen¬ 
dent  closed-orbit  deviation  induced  by  the  extraction  kicker 
coupling-impedance  at  the  given  beam  offset  (“banana- 
closed  orbit”)  is  about  1  mm. 

Vacuum  and  chamber  coating 

The  design  vacuum  pressure  is  (0.5  ~  l)xl0“’'  Ton- 
in  HEBT  to  minimize  H“  stripping,  10~®  in  the  ring  to 
minimize  gas  scattering  and  ion-  and  electron-induced  des¬ 
orptions,  and  (0.5  ~  1)  x  10~'^  Torr  in  RTBT. 

The  entire  inner  surface  of  ring  vacuum  chamber  and  ex¬ 
traction  kicker  ferrite  is  coated  with  TiN  [9].  Two  layers 
of  coating  are  applied  to  the  ceramic  chamber  for  injection 
kickers:  a  1/rm-thick  copper  layer  for  by-passing  the  image 
charge,  and  a  O.l/rm-thick  TiN  layer  for  a  low  secondary- 
electron  yield,  along  with  an  exterior  metal  enclosure  for  dc 
current  by-pass.  This  design  allows  the  image-current  pas¬ 
sage  above  the  lowest  betatron  sideband  (~200  kHz)  with¬ 
out  degrading  the  magnetic-field  penetration,  eddy-current 
heating,  and  beam-induced  heating. 

Magnet,  correction,  power  supply 

Iterations  are  made  on  almost  all  kinds  of  magnets  to¬ 
wards  design  expectation  of  magnetic  accuracy  at  10“^  for 
main  dipoles  and  quadrupoles,  10“^  for  sextupoles,  chi¬ 
cane  and  transport  magnets,  and  IQ-^  for  correctors.  Some 
exceptions  include  a  large  (0.19x10“^)  systematic  20th 
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Table  5:  Measured  integral  multipoles  of  the  ring  dipole 
magnet  at  a  reference  radius  of  80  mm.  The  systematic  bi 


n 

bn 

mean 

S.D. 

mean 

S.D. 

0 

10000 

0.0 

0.0 

0.0 

1 

-105.041 

0.275 

-0.262 

0.951 

2 

0.163 

0.433 

-0.020 

0.494 

3 

2.051 

0.149 

-0.050 

0.316 

4 

1.143 

0.200 

0.000 

0.113 

5 

0.064 

0.095 

0.001 

0.158 

6 

-0.300 

0.120 

-0.017 

0.105 

8 

-0.077 

0.107 

0.005 

0.056 

10 

-0.176 

0.129 

0.003 

0.028 

12 

0.094 

0.143 

-0.006 

0.047 

o:  Measured  multipoles  o 

the  ring 

quadmpt 

net  at  a  referenee  radius  of  80  mm. 


n 

bn 

dn 

mean 

S.D. 

mean 

S.D. 

1 

10000 

0.00 

- 

- 

2 

-0.30 

1.11 

0.41 

1.20 

3 

-0.06 

0.58 

0.05 

0.32 

4 

-0.01 

0.20 

-0.04 

0.23 

5 

1.20 

0.25 

-0.11 

0.15 

9 

-0.73 

0.02 

0.00 

0.06 

13 

-0.06 

0.01 

-0.01 

0.02 

pole  on  narrow-width  quadrapoles  used  in  the  straights 
whose  effects  are  negligible  during  the  1  ms  accumulation, 
and  large  (6%)  decapole  in  multi-coil  skew-sextupole  cor¬ 
rectors  [12]. 

Four-family  sextupoles  are  arranged  in  4-fold  ring  lat¬ 
tice  symmetry  for  chromaticity  adjustment  without  com¬ 
promising  the  dynamic  aperture.  The  ring  correction  el¬ 
ements  consist  of  horizontal  and  vertical  dipoles,  normal 
and  skew  quadmpoles,  normal  and  skew  sextupoles,  and 
octupoles  for  orbit  correction  and  decoupling,  amplitude 
detuning,  and  resonance  corrections.  Octupoles  can  be  ro¬ 
tated  to  act  as  skew-octupoles  if  needed.  The  reduction 
in  quadmpole  transfer  function  (~  -0.2%)  caused  by  the 
interference  from  nearby  sextupole/corrector  is  easily  ad¬ 
justed.  Resonance  correction  strategy  is  developed  in  the 
presence  of  space  charge  [6]. 

There  is  1  power  supply  for  the  main  dipoles,  6  for  the 
quadmpoles,  4  for  the  sextupoles,  115  for  the  correctors 
and  chicane  dipoles,  8  for  the  injection  kickers,  and  14  for 
the  extraction  kickers.  Good  rise/fall  time  and  matching 
have  been  achieved  on  pulsed  supplies  (programmable  in¬ 
jection  and  extraction)  [13]. 


RF  system 

The  HEBT  has  two  RF  cavities  operating  around  linac 
frequency  of  805  MHz,  one  for  energy  correction  and  the 
other  for  longitudinal  painting.  The  ring  dual-harmonic  RF 
system  maintains  a  gap  for  the  rise  time  of  the  extraction 
kicker  while  maintaining  low  peak  beam  current  and  large 
momentum  spread,  reducing  space  charge  stopband  related 
losses  and  coherent  instabilities  [14]. 


Diagnostics 

The  ring  and  transport  diagnostics  consists  of  beam  po¬ 
sition  monitor,  loss  monitor,  current  monitor,  wire  scan¬ 
ner,  beam-in-gap  monitor,  foil/catcher  video  monitor,  ion¬ 
ization  profile  monitor  (IPM,  Fig.  8),  coherent/incoherent 
tune  measurement  system,  and  electron  detector  [15]. 


Figure  8:  Ring  IPM  with  sweeping  electrodes,  and  with 
the  multi-channel  plates  for  electron  collection  recessed 
from  the  vacuum-chamber  wall  to  avoid  superfluous  sig¬ 
nals  (courtesy  R.  Connolly). 

Reliability  and  availability 
Engineering  design  considers  redundancy,  radiation 
resistance,  “active  maintenance”  capability  (all-around 
cranes,  quick-release  flanges,  quick-release  water  fittings, 
moveable  shielding),  and  spares  for  areas  of  high  radiation 
and  activation. 

FUTURE  PERSPECTIVES 

The  ring  and  transport  facility  is  designed  with  the  po¬ 
tential  to  reach  a  beam  energy  up  to  1.3  GeV  and  a  beam 
power  beyond  2  MW,  capable  of  supplying  a  second  neu¬ 
tron  target  [1].  Space  is  reserved  for  two  additional  extrac¬ 
tion  kickers,  and  for  the  replacement  of  2  injection-chicane 
dipoles  to  satisfy  H°  stripping  conditions. 

We  are  indebted  to  the  SNS  teams  and  our  collaborators 
for  their  devotion  and  contributions. 
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Abstract 

The  J-PARC  project  comprises  a  400-MeV  linac,  a  3- 
GeV,  1-MW  rapid-cycling  synchrotron  (RCS),  a  50-GeV 
main  ring  (MR),  and  experimental  facilities  using  the  3- 
and  50-GeV  beams.  The  J-PARC  facility  is  under 
construction  to  be  completed  by  March  2007.  The  J-PARC 
accelerators  are  based  upon  many  newly  developed 
technologies,  including  the  RF  system  using  the  cavities 
loaded  with  the  magnetic  alloy  (MA)  and  the  linac 
components  such  as  the  RFQ  linac  with  Ji-mode 
stabilizing  loops  (PISL’s),  the  RF  choppers,  and  others  in 
order  to  realize  their  high  beam  powers.  The  recent  results 
of  the  developments  of  these  new  technologies  and  the 
present  status  of  the  construction  are  reported. 

INTRODUCTION 

The  High  Intensity  Proton  Accelerator  Facility  Project 
in  Japan  [1-7]  is  now  referred  to  as  "J-PARC  Project", 
which  stands  for  Japan  Proton  Accelerator  Research 
Complex.  The  facility  is  under  constmction  as  a  joint 
project  between  Japan  Atomic  Energy  Research  Institute 
(JAERI)  and  High  Energy  Accelerator  Research 
Organization  (KEK)  at  the  JAERI  Tokai  site.  The 
constmction  started  from  April  2001  to  be  completed  by 
the  end  of  March  2007.  The  facility,  which  was  so  far 
funded,  comprises  a  400-MeV  linac,  a  3-GeV  Rapid- 
Cycling  Synchrotron  (RCS),  and  a  50-GeV  Synchrotron 
(Main  Ring,  MR)  as  shown  in  Fig.  1 . 


Figure  1:  The  expected  view  of  the  facility 


The  H'  beam  with  a  peak  current  of  50  mA  and  a  pulse 
width  of  500  ps  is  accelerated  up  to  400  MeV  by  the  linac, 
and  then  injected  to  the  RCS  with  a  repetition  rate  of  25 
Hz.  The  beam  is  chopped  with  a  chopping  rate  of  56  %  in 
order  to  avoid  the  beam  loss  during  the  adiabatic  capture, 
which  would  have  been  necessary  without  any  chopper. 
The  linac  can  be  operated  with  a  repetition  rate  of  50  Hz, 


the  remaining  half  of  which  will  be  used  for  the  basic  study 
of  the  accelerator-driven  nuclear  waste  transmutation 
system  (ADS)  in  future. 

The  beam  accelerated  by  the  RCS  with  an  average 
current  of  333  pA  and  a  beam  power  of  1  MW  is  fast 
extracted  and  transported  to  the  Materials  and  Life  Science 
Experimental  Facility  (MLF)  most  of  the  time.  In  this 
experimental  area,  the  muon  and  the  neutron  production 
targets  are  located  in  a  series.  The  10  %  of  the  beam  is  used 
for  the  muon  production.  Every  3.5  second,  the  beam  is 
four  times  transported  to  the  MR  and  injected  to  it.  The 
50-GeV  beam  accelerated  there  is  slowly  extracted  to  the 
Nuclear  and  Fundamental  Particle  Experimental  Facility 
(NPF)  with  a  duration  of  1.6  s.  The  Kaon  rare  decay 
experiments,  the  hyper  nucleus  experiments,  and  others 
will  be  conducted  there.  Sometimes  the  beam  is  fast 
extracted  to  the  neutrino  produaion  target.  The  produced 
neutrinos  are  sent  to  the  SUPER  KAMIOKANDE  detector 
located  300-km  west  in  order  to  conduct  the  long  base  line 
experiment. 

The  bur^et  for  the  neutrino  experiment  facility  will  be 
submitted  to  the  funding  agency  with  a  top  priority  this 
year.  The  operational  energy  of  the  MR  will  be  limited  to 
40  GeV,  until  the  fly-wheel  power  supply  system  is 
afforded  in  the  Phase  II. 

The  features  of  the  accelerator  design  are  presented  in 
Ref.  [6],  while  the  design  detail  is  described  in  the 
Technical  Design  Report  (TDR)  [7].  The  dstinaive 
features  of  the  J-PARC  accelerator  are  briefly  summarized 
in  Sec.  2.  Then,  the  results  of  the  developments  after  the 
last  EPAC  [6]  and  the  constmction  status  are  reported  in 
this  paper. 

The  funding  so  far  is  almost  as  scheduled  (see  Fig.  2). 
As  a  result  all  the  contracts  have  been  done  on  schedule 
except  for  the  high-energy  linac  (190-400  MeV)  for  the 
reason  presented  in  Sec.  3.  The  constmction  is  also  on 
schedrle,  although  several-month  delay  is  expected  for  the 
MR.  The  ancient  salt-pan  remains  were  discovered  in  the 
location  for  the  MR  and  NPF.  The  archaeological 
excavation  of  the  remains  will  take  nearly  one  year.  On  the 
other  hand,  this  will  have  no  influence  on  the  schedule  of 
the  linac,  RCS  and  MLF  constmctions. 

The  civil  engineering  for  the  linac  was  contracted  by  the 
end  of  JFY  (Japanese  Fiscal  Year  starting  from  April) 
2001,  and  will  be  completed  by  mid  JFY2004.  That  for  the 
RCS  was  contracted  mid  JFY2002,  and  will  be  completed 
by  the  end  of  JFY2004.  That  for  the  MR  was  divided  to  the 
four  sections,  which  will  be  contracted  year  by  year,  being 
completed  by  the  end  of  JFY2005,  if  it  were  as  planned. 
The  full  view  of  the  J-PARC  site  now  is  shown  in  Fig.  3. 
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Figure  2:  The  schedule  for  the  J-PARC  project.  The  year 
shows  Japanese  Fiscal  Year  starting  from  April. 


Figure  3:  The  present  view  of  the  facility 


DISTINCTIVE  FEATURES  OF  J-PARC 
ACCELERATOR 

The  distinctive  features  of  the  J-PARC  accelerator  are 
arising  from  its  multi-puipose  concept:  the  realization  of 
the  high  beam  powers  of  MW  class  in  both  the  GeV  and 
the  several  10  GeV  region.  The  3-GeV  RCS,  which  plays  a 
role  of  the  injector  to  the  50-GeV  MR,  also  provicfes  the 
1-MW  pulsed  beam  to  the  MLF.  Since  the  Spallation 
Neutron  Source  Project  in  US  (SNS)  is  a  single-purpose 
one,  it  can  utilize  the  full-energy  linac  and  the  accumulator 
ring  (AR).  The  RCS  scheme,  which  the  J-PARC  project 
makes  use  of,  has  the  following  advantages  over  the  AR 
scheme. 

First,  the  beam  current  is  lower  for  the  same  beam 
power.  Second,  the  more  beam  loss  is  allowed  during  the 
injection  process,  since  the  radioactivity  and  the  radiation 
itself  are  reduced  in  proportion  to  its  lower  injection  energy 
and  further. 

On  the  other  hand,  the  choice  of  the  high-power,  high- 
eneigy  RCS  scheme  rec^iires  many  problems  to  solve. 
Among  them,  the  following  items  are  outstanding.  First  of 
all,  the  fast  acceleration  requires  a  number  of  the  RF 
accelerating  cavities  with  high  field  gradients.  This 


requirement  has  never  been  fulfilled  until  the  cavity  loaded 
with  the  magnetic  alloy  (MA)  is  devised  [8].  Second,  the 
magnets  [9]  and  vacuum  chambers  should  be  immune 
against  the  edi^  current  effect  arising  from  the  fast 
changing  magnetic  fields.  Third,  the  injection  scheme  is 
hard  to  design  for  the  large  beam  ^erture.  Fourth,  the 
precise  tracking  of  several  families  of  magnets  is  required. 

In  addition  to  the  challenges  in  the  RCS  itself,  the  linac 
is  also  required  to  provide  the  beam  with  accirrate  momenta 
(Ap/p  less  than  0.1  %  for  J-PARC)  and  with  low 
transverse  emittances  (typically  47t  mm  mrad  for  J-PARC). 
These  are  typically  99  %  emittances  rather  than  that  of  root 
mean  square  (rms),  since  many  parameters  are  required  for 
eliminating  the  beam  loss,  which  should  be  of  an  order  of 
1  %  at  most.  These  values  are  necessary  for  the  efficient 
painting  on  the  beam  apertures.  In  order  to  produce  these 
high-quality  beams,  we  devised  the  7t-mode  stabilizing 
loop  (PISL)  [10,  11]  for  the  RFQ  linac.  Also,  we  decided 
to  use  electro-quadmpole  magnets  contained  in  the  drift 
tubes  of  the  DTL  in  order  to  keep  the  flexible  knobs  for  the 
transverse  tunes.  The  technologies  were  newly  developed 
for  minimizing  the  size  of  the  coils  with  water-cooling 
channels  by  fully  using  the  electroforming  method  and 
wire  cutting  [12]. 

Both  the  RCS  and  the  MR  are  designed  on  the  base  of 
the  lattices  with  the  low  and  negative  momentum 
compaction  factors,  respectively,  which  implies  no 
transition  crossing  during  acceleration  [13].  The  beam  loss 
inherent  to  the  transition  crossing  will  be  thus  avoided 
The  slow  extraction  with  the  low  beam  loss  (less  than  1  %) 
from  the  MR  is  the  most  difficult  issue  to  solve  [14]. 

LINAC 

The  linac  comprises  a  volume-production  type  of  H'  ion 
source,  a  50-keV  low-energy  beam  transport  (LEBT),  a  3- 
MeV,  324-MHz  Radio-Frequency  Quadrupole  (RFQ)  linac, 
a  50-MeV,  324-MHz  Drift-Tube  Linac  (DTL),  a  190-MeV, 
324-MHz  Separated  DTL  (SDTL),  and  a  400-MeV,  972- 
MHz  high-energy  linac  .  The  SDTL  is  the  DTL  with  the 
quadripole  magnets  outside  the  tank  [15].  The  Annular 
Ring  Coupled  Structure  (ACS)  [16,  17]  has  been  developed 
for  the  high-eneigy  linac.  Most  of  the  accelerator 
components  were  oiired  by  the  end  of  JFY2002,  except 
for  the  high-energy  linac.  We  decided  to  increase  the  beam 
aperture  of  the  RCS  in  order  to  keep  the  sufficient  margin 
for  the  space  charge  effect  (the  Lasslette  tune  shift  is  - 
0.16).  We  also  lengthen  the  RCS  circumference  by  a  factor 
of  10/9.  Since  some  budget  overflow  is  expected  for  these, 
we  decided  to  take  the  following  process.  Taking  the  results 
of  the  bidding  for  all  the  accelerator  components  except  for 
the  high-energy  part  of  the  linac,  we  will  determine  how 
much  we  can  afford  for  this.  The  linac  beam  with  the 
energy  lower  than  400  MeV  can  be  injected  to  the  RCS, 
while  most  of  the  components  for  both  the  RCS  and  MR 
are  necessary  for  the  experiments.  The  lowering  of  the  linac 
energy  will  have  the  influence  on  the  beam  power.  The 
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bucket  request  to  recover  the  full  linac  energy  will  be 
submitted  to  the  funding  ageney  this  year. 

The  components  for  all  the  three  DTL  tanks  and  four  of 
the  thirty  two  SDTL  tanks  in  total  have  been  completed 
The  four  SDTL  tanks  and  the  5-cell  prototype  of  the  DTL 
were  alreacfy  powered  over  their  design  values.  The  first 
DTL  tank  was  assembled  and  the  tuner  positions  and  post 
coupler  positions  were  a<|usted  until  the  uniform  field 
dstribution  was  realized  with  one  percent  accuracy  (design 
value)  [18,  19]. 

The  beam  test  of  the  RFQ  linac  and  the  medum  energy 
beam  transport  (MEET)  was  continued  in  the  KEK  site 
until  last  March.  The  detail  is  presented  in  Sec.  6.  The  first 
DTL  tank  was  then  installed  for  the  beam  test  to  be  started 
this  summer  as  shown  in  Fig.  4. 


Figure  4:  The  first  tank  of  DTL  installed  in  the  tunnel  at 
KEK  site  for  the  beam  study 

3-GEV  RCS 

A  half  of  the  RCS  components  were  ordered  by  the  end 
of  JFY2002,  including  all  the  bending  magnets  (BM’s),  all 
the  cpadmpole  magnets  (QM’s),  two  thirds  of  the  magnet 
power  supplies  for  them,  all  the  ceramics  vacuum 
chambers  for  the  BM’s  and  QM’s,  and  all  the  kickere  and 
their  power  supplies.  The  remaining  components  for  the 
magnet  power  supplies,  the  injection  system  includng 
bump  magnets  and  their  power  supplies,  the  vacuum 
chambers  for  these,  the  remaining  RF  sources,  the  RF 
cavities  and  others  will  be  contracted  during  this  fiscal  year. 

The  aluminum  stranded  eonductors  are  used  for  both  the 
BM’s  and  QM’s,  in  order  to  avoid  the  temperature  rise  and 
the  Q  deterioration  arising  from  the  eddy  current  effect.  The 
use  of  laminated  silicon  steel  sheets  with  a  thickness  of  0.5 
mm  and  the  slit  cuts  of  the  end  plates  ancfor  the  core  ends 
are  all  to  ease  the  ed^  current  effect.  The  approximate 
Rogowsky  Cut  is  utilized  in  order  to  avoid  the 
coneentration  and  the  saturation  of  the  fieldb.  The 
prototype  of  the  BM’s  and  QM’s  are  used  for  these  test 
together  with  computational  analysis.  The  decrease  in  the 
AC  loss  by  these  means  are  vital  also  for  the  stable 


operation  of  the  magnet  system  for  the  following  reason. 
The  magnet  system  comprises  eight  resonant  networks, 
including  one  BM  system  and  seven  families  of  QM’s.  In 
order  to  keep  the  eight  networks  operate  stably,  the  Q 
values  of  the  networks  should  be  as  high  as  possible. 

The  aluminum  stranded  conductors  are,  however, 
difficult  to  impregnate  by  polyimide  resin,  which  is 
immune  against  radiation  damage,  but  is  hard  to  flow. 
Figure  5  shows  how  the  stranded  conductors  are 
impregnated  by  the  resin  in  vacuum  and  pressurized  later. 
We  are  now  confident  of  the  procurements  of  these  coils. 


Figure  5:  The  stranded  conduetors  impregnated  by  the 
polyimid  resin  to  form  the  coil 

50-GEV  SYNCHROTRON 

Most  of  the  accelerator  components  were  ordered  except 
for  the  RF  system  and  the  injection  and  extraction  systems. 
The  first  BM  among  ninety  six  5.85-m  BM’s  was  shipped 
to  KEK,  where  its  field  measurement  and  excitation  test  are 
underway  (see  Fig.  6). 

As  mentioned  in  Sec.  2,  the  RF  system  makes  use  of  the 
cavities  loaded  with  magnetic  alloy  (MA)  in  both  RCS  and 
MR,  since  the  MA-loaded  cavities  have  many  advantages 
over  the  conventional  ferrite-loaded  ones,  inducing  the 
field  gradient  by  almost  one  order  of  magnitude  higher. 
Also,  its  low  Q-value  (a  value  of  less  than  one  is  possible) 
dastically  simplifies  the  RF  system  by  eliminating  any 
tuning  system.  On  the  other  hand,  its  high  R/Q  (low  stored 
energy)  with  the  low  Q  value  recjiires  the  wide-band  beam 
loading  eompensation  via  feed-forward  control.  As  a  result, 
even  the  high  power  system  should  be  wide-band  In  oixfer 
to  minimize  the  band  width  necessary  for  the 
compensation,  the  Q-value  is  optimized  by  ac^'usting  the 
gap  between  the  MA  cores  radially  cut  under  the  condition 
of  no  tuning  system  necessary.  The  Q  values  thus 
optimized  are  2.9  (1.5-mm  gap)  and  10  (10-mm  gqt)  for 
the  RCS  and  the  MR,  respectively. 

A  prototype  of  the  RF  system,  comprising  an  RF 
cavity,  a  high-power  amplifier  and  others,  was  completed 
for  the  50-GeV  MR  as  shown  in  Fig.  7.  The  system  was 
successfully  tested  for  49  hours  with  a  full  peak  power  of 
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500  kW  and  a  full  duty  factor  of  50  %.  The  MA  is 
directly  water-cooled. 


Figure  6:  The  first  mass-produced  BM  for  the  MR 


Figure  7:  The  RF  cavity  for  the  MR 


The  drect  water  cooling  of  the  MA  for  the  3-GeV  RCS 
gives  rise  to  some  problem  during  the  high  power  test.  The 
magnetic  fields  between  the  gap  were  locally  concentrated 
anddstorted,  in  particular  for  the  small-gap  case,  since 
some  magnetic  imperfedions  at  the  gap  surfaces  arose 
from  cutting  the  MA  cores.  The  local  heat-up  damaged  the 
polyimide  resin,  which  are  used  to  form  the  MA  tapes  into 
the  cores.  The  indrect  cooling  is  now  under  development, 
by  sandwitching  the  MA  core  layers  and  the  water-cooled 
copper  layers  with  the  polyimii  resin  in  between.  The 
resin  includes  aluminum  nitride  powder  which  is  a  good 
thermal  conductor.  The  high-power  test  of  this  system  will 
be  started  soon. 


BEAM  TEST  OF  FRONT-END  LIN  AC 

The  beam  test  of  the  low-energy  front  is  under  way  in 
KEK  site  [20,  21].  The  present  system  comprises  the  H" 
ion  source,  the  LEBT,  the  3-MeV  RFQ  linac,  and  the 
MEBT.  At  present,  the  first  tank  of  DTE  (20  MeV  )  is 
installed,  and  is  uncfer  preparation  for  the  high-power  test 
and  the  beam  test. 

The  RFQ  linac  used  here  was  designed  for  the  Japan 
Hadron  Facility  (JHF)  project  [22]  which  would  prodice 
the  0.6  MW  beams  with  a  linac  peak  current  of  30  mA  (the 
50-mA  RFQ  linac  for  the  J-PARC  is  now  under 
development).  The  peak  current  of  29  mA  was  obtained 
with  this  system.  The  measured  horizontal  and  vertical 
emittances  of  the  beam  at  the  end  of  the  MEBT  were  0.252 
7t  mm  mradand  0.214  7t  mm  mrad  (r.  m.  s.  normalized), 
respectively,  at  the  peak  current  of  28.5  mA. 

The  chopper  at  the  MEBT  shown  in  Fig.  8  were  tested 
with  the  beam.  The  measured  rise  and  falling  times  of  the 
beam  are  10  ns,  being  sufficiently  fast  for  eliminating  the 
beam  loss  as  designed  (see  Ref.  [20]). 


Figure  8:  The  RF  chopper  installed  at  the  MEBT.  The  left 
figure  shows  the  whole  view  of  the  two  deflecting  chopper 
cavities.  The  right  figure  shows  the  close  view  of  the 
deflecting  electrodes.  The  beam  passes  from  left  to  right. 

The  stopper  installed  at  the  MEBT  cannot  stand  all  the 
3-MeV  chopped  beams.  The  prechopper  [7],  which  makes 
use  of  the  induction  decelerator  made  of  the  MA,  was 
installed  at  the  LEBT.  The  RFQ  linac  is  designed  to  filter 
the  beams,  the  energy  of  which  is  by  9  keV  lower  than  the 
designed  injection  energy  of  50  keV.  The  prechopper 
system  was  also  tested  with  the  beam.  The  combined  test 
of  the  prechopper  and  the  RF  chopper  will  be  done  later, 
where  the  proper  timing  is  necessary. 

SUMMARY 

The  J-PARC  accelerator,  comprising  the  400-MeV 
linac,  the  3-GeV  RCS,  and  the  50-GeV  MR,  is  based  upon 
many  newly  developed  technologies.  The  developments 
have  been  successful,  and  the  orderings  of  the  accelerator 
components  are  on  schedule  so  far.  The  first  beam  from  the 
RCS  will  be  transported  to  the  MLF  in  March  2007.  The 
beam  injection  to  the  MR,  which  is  planned  at  the  same 
time,  will  be  delayed  by  several  months,  since  the  ancient 
salt-pan  remains  at  the  MR  and  NPF  sites  will  be 
archaeologically  investigated  by  excavation. 
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STATUS  OF  LOW  AND  INTERMEDIATE  VELOCITY 
SUPERCONDUCTING  ACCELERATING  STRUCTURES 

K.  W.  Shepeird,  ANL,  Argonne,  IL  60439,  USA 


Abstract 

Several  types  of  reduced  velocity  (0.1  -  0.6c)  super¬ 
conducting  accelerating  struetures  are  being  developed  for 
ion  linacs  to  be  used  for  spallation  sources,  exotic  beam 
facilities,  and  other  applications.  This  paper  briefly 
reviews  the  characteristics  and  development  status  of 
some  of  the  cavity  types  currently  under  development. 
Two  different  structure  choices  for  the  high-energy 
section  of  the  proposed  RIA  driver  linac  are  discussed. 

INTRODUCTION 

Historically,  superconducting  RF  development  has 
divided  into  two  major  classes  of  resonant  cavity  [1].  One 
class  is  cavities  based  on  various  forms  and  combinations 
of  right  circular  cylindrical  cells  operating  in  the  TMOlO 
mode,  or  TM-class  cavities.  These  have  been  developed 
primarily  for  velocity-of-light,  electron  beams.  The  other 
class  is  based  on  various  forms  and  combinations  of  linear 
element  or  transmission  line  operating  in  a  TEM  mode,  or 
TEM-class  cavities.  The  latter  class  is  exemplified  by  the 
numerous  types  of  quarter-wave-line  cavities  developed 
for  heavy-ion  linacs.  TM  cavities  have  generally  been 
relatively  high-frequency,  ~  1  GHz,  and  have  operated  at 
2K.  TEM  cavities  have  generally  been  developed  at  low 
frequencies,  ~  100  MHz,  for  low  velocities,  <  0.2c,  and 
have  operated  at  4K. 

Over  the  past  several  years,  the  velocity  range  of  both 
TM  and  TEM  class  structures  has  been  expanded,  as 
cavities  have  been  developed  for  high-energy  and  high- 
intensity  proton  and  ion  linacs.  This  has  been  exemplified 
for  the  TM-class  in  the  development  of  805  MHz, 


Beam  port 


Figure  1:  Los  Alamos-built  350  MHz,  (3=0.175,  single¬ 
spoke  niobium  cavity 


Figure  2:  352  MHz,  p=0.35,  single-spoke  niobium 
cavity  tested  at  IPN  Orsay 


elliptical-cell  cavities  for  velocities  as  low  as  0.62c  for  the 
SNS  project  [2].  As  is  discussed  below,  much  current 
work  is  developing  a  variety  of  TEM-class  cavities  for 
particle  velocities  up  to  0.62c,  at  frequencies  of  175-352 
MHz. 

These  relatively  high-velocity  TEM-class  cavities  are 
based  on  two  types  of  half-wave  line  structure,  the  coaxial 
half-wave  line,  which  is  similar  to  existing  QWR 
structures,  and  spoke-loaded  cavities,  in  which  the 
transmission-line  element  is  at  right-angles  to  a  cylind¬ 
rical  housing,  a  geometry  similar  to  a  spoke  of  a  wheel. 
The  spoke-loaded  structure  differs  from  the  coaxial  line  in 
that  it  can  be  stacked  into  multi-cell  combinations. 

Several  multiple-gap,  low-velocity  (<0.15c)  half-wave 
TEM  structures  are  being  developed  to  provide  relatively 
high-frequency  structures  to  accept  beam  from  high- 
intensity  RFQ  injectors  systems. 

Another  thrust  of  recent  development  has  been  the 
application  to  TEM-class  cavities  of  high-pressure-water 
rinse  techniques,  similar  to  those  developed  for  TESLA 
and  other  TM  cavities,  to  reduce  surface  particulates  and 
increasing  accelerating  gradients. 

In  what  follows,  we  will  first  summarize  tests  of 
recently  completed  prototype  cavities,  then  list  several 
cavities  under  development,  but  not  yet  tested,  and  finally, 
discuss  application  of  TEM-class  cavities  to  the  high- 
energy  section  of  the  proposed  RIA  driver  linac  [3]. 


0-7803-773  8-9/03/$  17.00  ©  2003  IEEE 
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RECENTLY  TESTED  CAVITIES 

Los  Alamos 

At  Los  Alamos  National  Laboratory,  two  prototype 
single-spoke  cavities  designed  to  be  injected  with  a  high- 
intensity  beam  from  the  LEDA  RFQ  have  been  built  and 
tested  [4],  The  350  MHz,  p=0.175  cavities,  shown  in 
Figure  1,  have  operated  at  4K  at  peak  surface  electric 
fields  as  high  as  37  MV/m. 

IPN  Or  say 

At  the  Institute  for  Nuclear  Physics  at  Orsay,  spoke 
cavities  are  being  developed  for  high-power  proton  linacs 
to  support  two  European  projects,  XADS  and  EURISOL. 
A  single-spoke,  352  MHz,  p=0.35  cavity,  shown  in 
Figure  2,  has  been  built  and  tested  [5]  and  has  operated  at 
4K  with  peak  surface  electric  fields  as  high  as  37  MV/m. 

MSU-NSCL 

At  the  National  Cyclotron  Laboratory  at  Michigan  State 
University,  a  322  MHz,  p=0.29  coaxial  half-wave  cavity 
is  being  developed  for  the  RIA  driver  linac  [6],  A 
prototype  has  been  built  and  tested  and  has  operated  at  4K 
with  peak  surface  electric  fields  as  high  as  27  MV/m  and 
at  2K  as  high  as  33  MV/m. 

JLAB/MSU 

In  a  collaborative  effort  between  JLAB  and  the 
National  Cyclotron  Laboratory,  a  TM-class,  six-cell 
elliptical-cell  cavity  is  being  developed  for  the  RIA  driver 
linac  [7].  A  prototj^e  805  MHz,  p=0.47  cavity,  shown  in 
Figure  3,  has  been  completed  and  operated  at  2K  at  peak 
surface  electric  fields  above  50  MV/m. 


Figure  4:  352  MHz  low-beta  TM-class  re-entrant  cavity 
developed  at  INFN-Legnaro 

INFN  Legnaro 

At  INFN  Legnaro,  a  TM-class  re-entrant  cavity  is  being 
developed  to  provide  a  high-frequency,  low-beta  structure 
for  injection  with  a  high-intensity  proton  beam  from  a  352 
MHz  RFQ  [8],  The  single-gap  cavity,  shown  in  Figure  4, 
has  very  broad  velocity  acceptance  and  is  useful  for 
particle  velocities  as  low  as  0.1c.  In  tests  to  date  the 
.cavity  has  operated  at  4K  at  peak  surface  electric  fields  as 
high  as  26  MV/m,  and  can  provide  600  kV  of  acceleration 
with  7.5  watts  of  rf  input. 

Argonne 

At  Argonne  National  Laboratory  a  345  MHz,  two- 
spoke  cavity  is  being  developed  for  the  RIA  driver  linac 
[9].  A  prototype  unit,  shown  in  Figure  5,  has  been 
completed,  and  in  initial  tests  at  4K  has  operated  at  peak 
surface  electric  fields  as  high  as  40  MV/m.  The  prototype 
cavity  can  provide  3  MV  of  acceleration  with  20  watts  of 
rf  input  into  4K. 


Figure  5:  A  345  MHz,  double-spoke,  three-gap  cavity 
for  p=0.4.  A  niobium  prototype  has  been  built  and 
tested  at  Argonne  National  Laboratory 
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Figure  6:  A  352  MHz,  four-gap  'ladder  resonator’  for 
P=0. 12  is  being  developed  at  INFN-Legnaro 


UNDER  DEVELOPMENT 

Two  different  groups  are  developing  low-velocity, 
multiple-gap  structures  to  accelerate  high-intensity  beams 
from  RPQ  injectors.  At  INFN-Legnaro,  a  variant  of  the 
spoke  structure,  termed  the  “ladder  resonator”  is  being 
developed  [10].  A  model  of  the  352  MHz,  four-gap, 
p=0.12  structure  is  shown  in  Figure  6.  At  Frankfurt,  a 
design  for  a  19-gap  CH-structure  has  been  developed,  and 
a  niobium  prototype  cavity  is  being  constructed  [11]. 

At  Argonne  National  Laboratory,  several  types  of 


cavity  are  being  developed  for  use  in  the  U.S  RIA  driver 
linac.  Figure  7  shows  two  of  these  cavities  [12].  One  is  a 
115  MHz  quarter-wave-line  (QWR)  structure  for  P=0.15, 
which  has  a  drift  tube  shaped  to  correct  rf  magnetic  dipole 
terms  which  cause  beam  steering  in  QWR  stmctures.  The 
other  is  a  172  MHz  coaxial  half-wave  cavity  for  p=0.28. 
Niobium  prototypes  of  both  cavities  are  under 
constmction  with  initial  tests  scheduled  for  late  2003. 

SPOKE-CAVITY  BASED  fflGH-ENERGY 
ION  LINAC 

At  Argonne  National  Laboratory,  designs  for  two 
superconducting  niobium,  345  MHz,  three-spoke-loaded 
cavities  for  the  velocity  range  0.4<p<0.75  have  been 
developed  [13].  Figure  8  shows  a  sectioned  view  of  one 
of  the  two  cavity  types.  The  mechanical  elements  and 
overall  design  are  similar  to  those  of  a  recently  tested  345 
MHz  two-spoke  niobium  cavity  [9].  The  cavities  are 
being  developed  as  an  alternative  to  805  MHz,  elliptical- 
cell  cavities  in  forming  the  high-energy  section  of  the 
proposed  RIA  driver  linac  [3,13], 

The  RIA  driver  linac  is  required  to  operate  cw,  and  to 
deliver  at  least  100  kW  of  uranium  beam  at  an  energy  of 
400  MeV/nucleon,  and  lighter  ions  at  as  high  an  energy  as 
possible.  For  this  application,  TEM-class  spoke-loaded 
structures  offer  a  number  of  advantages  with  respect  to 
TM  elliptical-cell  structures 

For  a  given  transverse  diameter,  elliptical-cell  TM 
cavities  operate  at  roughly  twice  the  frequency  of  TEM 
spoke-loaded  cavities.  This  simple  fact  has  several 
important  ramifications  [1]. 

For  multi-cell  cavities,  each  cell  is  of  length  p>./2  so 
that  at  lower  frequency  fewer  cells  are  required,  for  a 
given  overall  length,  which  broadens  the  velocity 
acceptance  of  the  structure.  Conversely,  for  the  same 
number  of  cells,  a  lower  frequency  cavity  will  be  longer 
and  produce  more  accelerating  voltage  than  a  higher 
frequency  cavity,  while  maintaining  the  same  velocity 
acceptance. 
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Table  1:  Electromagnetic  parameters  for  the  two  triple¬ 
spoke  cavities  compared  with  two  elliptical-cell  six-cell 


cavities  of  similar  Pgeom  =  v/c  developed  for  the  SNS 
linac  and  for  the  RIA  driver  linac  [131.  _ 


Cavity 

Type 

Triple- 

Spoke 

Elliptical 

Six-Cell 

Triple- 

Spoke 

Elliptical 

Six-Cell 

Pgeom 

0.50 

0.47 

0.62 

0.61 

Frequency 

345  MHz 

805 

345 

805 

Length 

65.2  cm 

52.55 

80.87 

68.2 

G  =  Q*Rs 

85.7 

136.7 

93.0 

179.0 

R/Q 

494 

160 

520 

279 

at  an  accelerating  gradient  of  1  MV/m: 

EpEAK 

2.88  MV/m 

3.41 

2.97 

2.71 

BpEAK 

86.5  G 

69 

88.6 

57.2 

0  10  20  30  40  50 

Residual  Resistivity  (nano-ohms) 


Table  1  compares  the  electromagnetic  parameters  for 
two  805  MHz  elliptical-cell  and  two  345  MHz  spoke- 
loaded  cavity  geometries  for  the  particle  velocities  Pgeom 
=  0.5  and  0.62.  We  note  that  a  critical  parameter,  the  peak 
surface  electric  field,  is  comparable  for  the  two  classes  of 
structure,  even  for  particle  velocities  above  0.5c.  Also, 
note  that  the  shunt  impedance  R/Q  is  appreciably  higher 
for  the  spoke-loaded  cavities. 

Figure  9  compares  the  voltage  gain  as  a  function  of 
particle  velocity  for  the  two  types  of  cavity,  assuming 
operation  of  all  cavities  at  a  peak  surface  electric  field  of 
27.5  MV/m.  Figure  9  shows  the  advantage  of  the  lower 
frequency  for  the  TEM-class  spoke-loaded  cavities  in 
.providing  both  broader  velocity  acceptance  and  higher 
voltage  per  cavity.  For  the  RIA  driver  linac,  this  means 
the  linac  can  be  built  not  only  with  fewer  types  of  cavity, 
but  also  with  fewer  cavities.  Further,  because  of  the 
broader  velocity  acceptance,  the  linac  provides  apprec¬ 
iably  higher  output  energy  for  proton  beams. 


Figure  9:  Velocity  acceptance  for  two  345  MHz  triple¬ 
spoke  cavities  compared  with  two  805  MHz  elliptical  6- 
cell  cavities,  all  operating  at  a  peak  surface  electric  field 
of  27.5  MV/m. 


Figure  10:  RF  load  into  helium  refrigeration  as  a  function 
of  cavity  performance. 

A  major  advantage  of  the  lower  frequency  TEM 
structures  is  that  the  superconducting  surface  resistance  is 
quadratic  with  frequency,  so  that  using  spoke  loaded 
cavities  will  substantially  reduce  the  rf  losses  and  the 
refrigeration  load,  which  is  particularly  important  for  cw 
operation.  Also,  at  345  MHz,  the  possibility  of  operation 
at  4K  is  opened,  eliminating  the  need  for  sub-atmospheric 
cryrogenic  system.  Figure  10  compares  the  rf  heat  load 
required  to  maintain  1  MV  of  accelerating  potential  for 
the  different  cavities.  In  figure  10,  all  cavities  are 
assumed  to  operate  cw  at  a  peak  surface  electric  field  of 
27.5  MV/m.  The  spoke  cavities  are  assumed  to  operate  at 
4.5K,  and  the  elliptical-cell  cavities  at  2K.  The  2K 
refrigeration  system  is  assumed  to  operate  at  an  efficiency 
such  that  1  watt  into  2K  is  equivalent  to  4.5  watts  at  4.5K. 


Table  2:  Summary  of  the  parameters  for  the  two  design 
options  for  the  high-energy  section  of  the  RIA  driver 
linac  (from  reference  [131)  _ _ 


Parameter 

Triple¬ 

spoke 

Elliptical¬ 

cell 

Frequency  (MHz) 

345 

805 

Peak  E  field  (MV/m) 

27.5 

27.5 

No.  of  cavity  types 

2 

3 

Total  no.  of  cavities 

140 

180 

Temperature  (K) 

4.5 

2.1, 

Aperture  (mm) 

40 

80 

Synchronous  phase 

-25° 

-30° 

Normalized  Acceptance 

Trans,  (n-mm-mrad) 

35 

70 

Long.  (7fkeV/u-nsec) 

280 

60 
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The  heat  load  is  plotted  as  a  function  of  cavity 
performance  or  quality  in  terms  of  an  effective  residiM 
resistance,  ranging  from  excellent  performance  (10  nO)  to 
poor  (50  nf2).  Recent  cavity  design  goals,  prototype 
results,  and  production  results  range  from  15-30  nD. 
For  this  range  of  performance,  the  triple  spoke  cavities 
would  reduce  the  refrigeration  load  by  roughly  a  factor  of 
two  relative  to  the  elliptical-cell  design  option. 

Table  2  compares  several  major  parameters  for  the  two 
design  options  for  the  RIA  driver  linac.  We  simply  note 
that  the  use  of  TEM-class,  spoke  loaded  cavities  offer  a 
number  of  advantages  in  terms  of  cost,  simplicity,  and 
performance  for  this  particular  application. 

CONCLUSIONS 

The  past  several  years  have  seen  vigorous  development 
of  TEM-class  low-  and  intermediate-velocity  supercond¬ 
ucting  accelerating  sfrucmres  for  a  variety  of  applications. 
The  development  of  half-wave  loaded  stmctures  has 
greatly  extended  the  velocity  range  covered  by  TEM-class 
cavities.  The  cross-over  velocity  at  which  elliptical-cell 
TM-class  cavities  become  the  stmcmre  of  choice  seems  to 
be  in  the  neighborhood  of  0.5c,  but  requires  detailed  study 
for  a  given  particular  application  because  of  the  variety  of 
choices  of  structure  that  are  becoming  available. 

The  use  of  new  cleaning  techniques  has  demonstrated  a 
capability  for  substantially  increasing  the  accelerating 
gradients  at  which  TEM-class  superconducting  cavities 
are  operated. 
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UPGRADING  CEBAF  TO  12  GEV* 
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Abstract 

As  originally  constructed,  the  Continuous  Electron 
Beam  Accelerator  Facility  (CEBAF)  was  a  4  GeV  cw  5- 
pass  recirculating  linac.  It  has  subsequently  been 
enhanced  to  5.7  GeV.  Developments  in  lattice  QCD  have 
indicated  that  an  extending  CEBAF  to  12  GeV  would 
provide  a  unique  opportunity  to  understand  quark 
confinement.  Jefferson  Lab  plans  to  reach  12  GeV  by 
adding  ten  new  100  MV  cryomodules  and  supporting  rf 
systems  to  the  present  machine  configuration.  The  2K 
helium  plant  will  be  doubled.  The  beam  transport 
system’s  capability  will  be  doubled  to  12  GeV  with 
minimal  replacement  of  components  and  with  minimal 
saturation  in  the  magnets.  A  new  experimental  hall, 
devoted  to  the  quark  confinement  investigation,  will  be 
placed  so  that  the  beam  transits  one  of  the  linacs  6  times 
(vs  5  times  for  the  other  linac).  Beam  emittances  are 
deeded  by  synchrotron  radiation  such  that  the  horizontal 
emittance  of  1  nm-rad  at  6  GeV  increases  to  7  nm-rad  at 
12  GeV.  This  paper  discusses  the  issues  listed  above  plus 
requirements  for  all  systems  and  developmental 
opportunities  presented  by  the  project. 

1  OVERVIEW 

1. 1  Motivation 


century.  Lattice  QCD  calculations  indicate  that  the 
explanation  for  confinement  may  lie  in  flux-tubes  of 
gluons  between  quark  pairs  and  also  show  that  the  flux- 
tubes’  degrees  of  freedom  yield  exotic  meson  states.  It 
appears  possible  to  excite  these  exotic  states  with  a  beam 
of  polarized  9  GeV  photons  and,  most  importantly, 
distinguish  them  from  the  other  states.  A  high-quality,  cw 
beam  of  12  GeV  electrons  is  the  ideal  way  to  produce  the 
photons  [1].  CEBAF  presently  has  a  high-quality  cw 
beam  of  ~6  GeV  and  is  thus  an  ideal  platform  upon  which 
to  base  a  facility. 

1.2  Base  requirements 

6  MV  of  acceleration  must  be  added.  A  new 
experimental  area  (for  the  exotic  meson  program)  must  be 
added  to  the  present  three.  It  will  be  on  the  opposite  end 
of  the  accelerator  from  the  existing  ones;  thus  the  beam 
that  reaches  the  new  end-station  will  transit  one  linac  one 
more  time  than  for  any  of  the  other  end-stations. 

12  GeV  can  be  achieved  by  increasing  the  linac 
capabilities  or  increasing  the  number  of  passes.  An 
^alysis  determined  that  it  would  be  more  cost  effective  to 
increase  the  linac  capabilities  than  to  reconfigure  (rebuild) 
the  beam  transport  system  for  additional  passes. 
Therefore,  the  present  0.6  GV  linacs  will  be  upgraded  to 
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1.1  GV.  The  exotic  meson  studies  need  <  5  (lA;  the  other 
programs  need  much  larger  beam  currents.  It  was  decided 
to  retain  the  present  beam  power  limit  of  1  MW. 

The  present  beam  transport  system  supports  5-pass 
beam  at  6  GeV  to  each  of  the  existing  end-stations.  It 
must  be  modified  to  deliver  1 1  GeV  beam  to  those  halls 
and  have  added  the  requisite  beam  transport  to  deliver  the 
full  12  GeV  beam  to  the  photon  radiator  target  for  the  new 
end-station,  including  an  additional  recirculation  arc. 

2  BEAM  PHYSICS 

2.1  Beam  breakup 

Beam  breakup  (BBU)  driven  by  high-order  modes 
(HOM’s)  in  the  cavities  must  always  be  addressed  when 
using  srf  cavities  even  if  the  beam  current  in  the  cavities, 
<  1  mA  in  this  case,  is  not  exceptional  on  the  scale  of 
storage  rings.  As  was  done  for  4  GeV  CEBAF,  the  code 
TDBBU  [2]  was  used  to  evaluate  the  situation.  A 
specification  of  Q<2xl0*  (versus  1x10^  for  4  GeV 
CEBAF)  for  the  HOM’s  came  out  of  the  study.  Initial 
tests  of  the  new  cavities  indicate  that  there  should  be  no 
problem  with  BBU  for  the  upgrade. 

2.2  Emittance,  energy  spread,  and  depolarizaion 

Emittance  growth  from  synchrotron  radiation  of  the 
electrons  in  dispersive  sections  of  the  beam  transport  did 
not  present  a  limitation  to  meeting  the  1  nm-rad 
specification  for  CEBAF  at  4  GeV.  For  the  Upgrade,  cost 
containment  drove  a  desire  to  forego  extensive 
modifications  to  the  existing  optics.  Retaining  those 
optics  leads  to  emittances  at  1 1  GeV  in  the  existing 
end-stations  of  8x=7  nm-rad  and  £y=l  nm-rad.  The 
projected  energy  spread  at  12  GeV  is  0.02%,  as  compared 
to  0.01%  at  6  GeV.  The  CEBAF  User’s  Group  Board  of 
Directors  reviewed  these  values  and  found  they  did  not 
limit  the  proposed  research  programs.  Estimates  for 
modifying  the  beam  transport  in  order  to  reduce  the 
dilution  of  the  emittance  by  synchrotron  radiation  effects 
were  ~$5M;  it  was  decided  to  retain  the  present  optics. 
Potential  depolarization  of  the  beam  was  checked  and 
found  to  be  inconsequential. 

3  ACCELERATION 

Note:  The  details  of  the  acceleration  systems  (cryo- 
modules,  rf,  and  cryogenics)  are  described  in  detail  in  ref. 
[3].  The  following  is  a  summary  of  that  information.  It 
should  be  remembered  that  the  existing  systems  will  be 
used  without  modification. 

3.1  SRF 

The  additional  0.5  GV/linac  will  be  achieved  by  adding 
5  new  cryomodules  (total  of  10  needed  for  both  linacs) 
each  providing  100  MV.  Each  cryomodule  will  have 
eight  7-cell  cavities.  The  cavities  have  a  performance 
specification  of  Qo=8xlO®  at  19.2  MV/m.  While  only 
17.5  MV/m  is  required  for  the  cryomodule  to  reach 
100  MV,  the  specification  was  set  at  19.2  MV/m  to 


overcome  the  likelihood  that  some  eavities  might  be  off¬ 
line.  The  Qo  specification  was  set  by  the  requirement  to 
fit  within  the  projected  cryogenics  plant’s  capacity  (see 
below).  Key  to  meeting  this  performance  is  elimination 
of  field  emission.  To  accomplish  this  several  steps  will  be 
taken:  1)  ehanges  in  cryomodule  design  details  aimed  at 
excluding  particulate-producing  components  [4,5], 
2)  changes  in  assembly  procedures  in  order  to  better 
preclude  contamination  of  cavities  [6],  and  3)  utilization 
of  in  situ  cavity  processing  to  deal  with  any  particulates. 
Electropolishing  may  be  used.  In  addition  a  new  cavity 
shape  [7]  will  be  used  which  has  higher  R/Q  than  the 
original  CEBAF  shape. 

In  addition,  the  tuner  resolution  has  been  improved 
versus  that  of  the  existing  cryomodules,  this  being 
motivated  by  a  desire  to  minimize  the  rf  power  required 
for  keeping  detuned  cavities  on-phase. 

Prototype  7-cell  cavities  have  exceeded  the 
performance  specification  both  with  and  without 
electropolishing.  The  first  cryomodule  with  7-cell 
cavities  has  been  completed  using  many  of  the  new 
procedures  and  design  details;  it  achieved  82  MV.  A 
second  will  be  completed  in  2003.  New  cell-shape 
options  will  be  prototyped  in  2003.  The  prototype 
100  MV  cryomodule  is  expected  to  completed  in  2004. 

3.2  Cryogenics 

The  present  2K  helium  plant  is  now  operating  at  its  full 
capacity.  In  anticipation  of  the  Upgrade  project,  JLab 
acquired  the  former  MFTF-B  helium  plant  from  LLNL, 
which  has  a  capacity  of  >10  kW  at  4K.  We  also  have  a 
redundant  (“hot  spare”)  2K  coldbox.  With  a 
reconditioned  MFTF-B  plant,  the  potential  addition  of  an 
80K  exchanger,  and  utilization  of  the  “spare”  2K  coldbox, 
we  will  have  a  2K  plant  with  maximum  capacity  of  ~5 
kW  at  2K.  After  allowance  for  system  control  headroom, 
there  would  be  ~300W  available  for  each  of  the  new 
cryomodules,  250W  of  which  would  be  available  for 
dynamic  load.  At  19.2  MV/m,  250W  translates  to  the 
Qo=  8x1  o’  mentioned  earlier. 

3.3  RF 

Each  cavity  will  be  energized  by  its  own  klystron.  The 
required  saturated  output  power  for  the  klystrons  is  based 
on  the  following  criteria:  1)  <450  pA  of  beam  transiting 
the  cavity  (limited  by  IMW  total  beam  power  limit),  2) 
Qexi  is  off-optimum  by  <  30%,  3)  maximum  detuning 
<  25  Hz  of  which  4  Hz  is  2x  the  tuner  resolution  and 
21  Hz  is  6x  the  a  of  the  measured  microphonics  spectmm 
on  existing  cavities  [8],  4)  some  cavities  will  be  able  to 
operate  at  21  MV/m  (10%  above  the  mean  of  the 
population)  and  stay  within  the  cryogenic  limits,  and  5) 
add  10%  so  that  the  klystron  will  still  have  gain.  The 
result  of  the  calculation  was  12.5  kW.  13  kW  has  been 
chosen  as  the  design  specification  to  add  headroom. 

A  new  rf  control  module  must  also  be  developed.  We 
anticipate  using  digital  technology  [9].  Preconceptual 
work  is  presently  underway  in  collaboration  with  Cornell, 
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and  DESY.  Important  control  issues  that  must  be 
addressed  are: 

•  The  cavities’  will  have  multi-valued  resonance 
detuning  curves  resulting  from  the  high  field  and  its 
accompanying  large  optimum  external  Q.  A  self- 
excited  loop  may  be  used  to  alleviate  the  problem. 

•  ~l/3  of  the  rf  power  is  reserved  for  the  effects  of 
microphonics-induced  detuning  of  the  cavity.  A 
potential  solution  is  a  new  control  algorithm  [10]  that 
uses  a  field  modulation  to  damp  the  microphonics. 
The  algorithm  must  be  validated  with  a  real  cavity. 

4  BEAM  TRANSPORT 

4.1  Upgrading  existing  beamlines 

The  existing  beam  transport  system  consists  of  -400 
dipoles  (B*L>0.2T-m)  and  —700  quads.  Simply  replacing 
their  power  supplies  is  not  viable  because  saturation  in  the 
return  iron  would  require  excessively  large  power 
supplies  and  installation  of  a  large  refrigerated  cooling- 
water  system.  Replacing  the  magnets  is  also  cost 
prohibitive.  Another  alternative  was  has  been  indentified. 

For  the  majority  of  the  dipoles,  i.e.  those  in  the  nine 
180°  arcs  and  in  the  beamlines  to  the  existing 
end-stations,  the  present  “C”  shape  will  be  changed  to 
“H”  profiles  by  augmenting  the  magnets  with  bolted-on 
iron.  Modeling  and  prototyping  have  shown  that  the 
saturation  is  only  a  few  percent  with  the  additional  iron, 
while  it  would  exceed  50%  if  the  iron  were  not  added. 

The  dipoles  in  the  spreaders  and  recombiners  (S/R),  i.e. 
the  sections  of  the  beam  transport  system  which  separate 
the  co-linear  beams  after  they  exit  the  linacs  or  combine 
them  before  re-injection  into  the  linacs,  are  so  closely 
spaced  that  the  bolt-on  iron  option  is  often  not  viable.  A 
combination  of  three  approaches  will  be  used:  1)  reshape 
the  poles  to  reduce  the  flux,  and  thus  the  saturation,  2)  add 
coil  packs  and  accept  the  saturation,  and  3)  add  iron,  but 
in  lesser  amounts  than  in  the  180°  arcs.  For  some 
magnets,  no  combination  of  the  three  options  will  work; 
those  magnets  will  be  replaced. 

The  quadrupole  fields  required  for  the  Upgrade  exceed 
the  original  design  specifications  of  the  present  magnets 
for  only  -10%  of  the  population.  Tests  were  performed 
that  showed  satisfactory  field  quality  if  the  units  were 
pushed  to  the  required  field  levels.  The  plan  now  is  to 
replace  the  power  supplies  on  that  10%  and  run  them  well 
in  excess  of  their  original  design  specification;  the 
remainder  will  be  left  “as  is”. 

The  dipole  strings  are  energized  by  32  power  supplies 
varying  in  size  up  to  750  kW.  All  but  nine  will  be  reused 
for  the  upgrade.  Those  nine  will  be  replaced  with  larger 
units  that  are  anticipated  to  use  one  or  more  of  a  common 
power  unit  feeding  a  current  regulating  unit. 

4.2  New  beamlines 

A  new  recirculation  arc  is  needed  so  that  the  beam  re¬ 
enters  the  north  linac  for  its  final  acceleration  before 
going  to  Hall  D.  Both  Arc  10  and  the  beamline  to  Hall  D 
must  be  built  using  new  components.  Thirty-two  4  m  “H- 


style”  dipoles  will  be  used  for  Arc  10  and  four  of  the 
same  magnets  will  be  used  for  the  Hall  D  beamline.  -40 
new  quadrupoles  will  be  built  using  a  new  design  that  is 
matched  to  the  needs  of  these  two  beamlines. 

4.3  Diagnostics 

We  presently  anticipate  no  need  to  develop  any  new 
beam  diagnostic  instrumentation  for  this  project.  For  the 
existing  beamlines,  no  changes  whatsoever  are  planned. 
New  units  of  existing  designs  will  be  used  for  Arc  10  and 
for  the  beamline  to  Hall  D.  We  need  not  add  electronics 
for  the  beam  position  monitors  in  Arc  10  since  they  can 
be  multiplexed  onto  the  same  electronics  that  presently 
monitor  the  existing  arcs  on  that  end  of  the  accelerator. 

5  PROJECT  STATUS 

The  12  GeV  Upgrade  received  the  endorsement  of  the 
US  Nuclear  Science  Advisory  Committee  (NSAC)  in  its 
2002  Long  Range  Plan.  More  recently,  NSAC  rated  it’s 
science  as  “absolutely  central”  and  the  project  as  “ready 
to  start  construction”.  With  this  endorsement,  JLab  is 
confident  that  the  12  GeV  Upgrade  will  be  a  near-term 
priority  project  in  the  soon-to-be-released  US  Department 
of  Energy  Office  of  Science’s  20-year  Strategic  Facilities 
Plan  and  will  shortly  thereafter  receive  approval  from  the 
US  Department  of  Energy  to  proceed  with  the  project. 

6  SUMMARY 

Lattice  QCD  calculations  have  indicated  that  the  nature 
of  quark  confinement  can  be  investigated  with  flie 
availability  of  a  12  GeV  cw  electron  beam.  JLab  has 
developed  a  cost-effective  plan  that  builds  on  its  existing 
infrastructure  to  deliver  the  12  GeV  beam  and, 
furthermore,  extend  srf  and  rf  control  technologies.  The 
project  is  under  review  by  the  US  Department  of  Energy. 
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Abstract 

The  two-stage  synchrotron  complex  SIS100/SIS300  is  the 
central  part  of  the  proposed  “International  Accelerator 
Facility  for  Ions  and  Antiprotons”  at  GSI  [1].  The  design 
concept  of  the  synchrotrons  will  be  described  with 
emphasis  on  the  status  of  R&D  work,  especially  op  the 
novel  rapid  cycling  super-conducting  magnets  and  on  the 
required  powerful,  low-frequency  RF-systems  [2]. 
Furthermore  studies  are  discussed,  which  refer  to  the  life 
time  of  intermediate  charged  heavy  ions  and  the  dynamic 
vacuum  pressure  instability  induced  by  ion  beam 
desorption. 

DESIGN  CONCEPT 

For  the  first  synchrotron  stage  superconducting  magnets 
of  superferric  type  were  proposed  to  provide  a  moderate 
pulse  power  at  a  rather  large  aperture  of  130  x  65  mm  and 
an  operation  with  one  cycle  per  second.  A  cold  beam 
tube  is  foreseen  to  obtain  a  sufficiently  high  pumping 
speed  for  a  stable  operation  with  intermediate  charge-state 
heavy  ion  beams. 

The  bending  magnets  are  arranged  in  six  arcs.  The  six 
long  straight  sections  in  between  provide  space  for 
injection  and  extraction,  the  transfer  line  from  SISlOO  to 
SIS300  and  also  for  the  RF-systems  required  for 
acceleration  (300  kV)  and  fast  bunch  compression  (1000 
kV).  As  in  the  SIS  18  triplet  focusing  will  be  used  to 
achieve  a  large  acceptance  at  injection  with  dynamic 
change-over  to  doublet  focusing  during  acceleration. 

Four  SIS18  booster  cycles  will  be  used  to  fill  the  SISlOO 
with  up  to  2.5xl0'^  protons  or  IxlO'^  ions. 

For  the  production  of  radioactive  ion-  and  antiproton 
beams,  the  accelerated  beam  will  be  transformed  into  one 
single,  short  bunch  (about  50ns  for  heavy  ions).  Thereby 
the  produced  secondary  beams  will  have  an  appropriate 
time  structure  for  injection,  fast  debunching  and  cooling 
in  the  planned  array  of  storage  rings.  The  SISlOO  will  be 
also  used  to  accelerate  antiproton  beams  from  500  MeV 
to  15  GeV  for  experiments  in  the  high  energy  storage  ring 
HESR. 

The  second  synchrotron  stage  SIS300  was  planned  with 
superconducting  cos0-magnets  for  operation  up  to  a  flux 
density  of  4  T.  Meanwhile  it  is  discussed  to  raise  the  flux 
density  to  6  T  by  making  use  of  double  layer  coils.  The 
SIS300  ring  will  be  mainly  used  for  acceleration  of 
beams  to  high  energies  up  to  34  GeV/u.  In  addition  the 
SIS300  can  be  used  as  a  stretcher  ring  to  obtain  a  100  % 
duty  cycle,  linac-like  beam  in  operation  with  slow 
extraction 


SUPERCONDUCTING  MAGNETS 
SISlOO 

Superconducting  window-frame  magnets  shall  be  used  in 
the  SISlOO  [3].  One  major  design  goal  was  to  achieve  a 
low  amount  of  stored  energy,  i.e.  45  kJ  in  a  2.62  m  long 
dipole  magnet  with  a  beam  tube  aperture  of  130  x  65  mm 
compared  to  1 12  kJ  in  a  conventional  magnet  as  the  one 
used  in  the  SPS  (CERN)  or  the  SIS  18  (GSI).  Such  a 
design  reduces  the  total  peak  power  of  120  magnets  in 
fast  pulse  operation  with  a  ramp  rate  of  4  T/s,  a  repetition 
rate  of  1  Hz  and  a  peak  field  of  B=2  T  to  the  moderate 
value  of  +121-12  MVA  compared  to  +62/-50  MVA  in  a 
conventional  design. 

In  addition,  the  magnet  weight  will  be  strongly  reduced  to 
about  2  t  per  magnet  compared  to  20  t  for  a  conventional 
magnet.  The  magnet  design  is  based  on  the  superferric 
cold  iron  magnet,  which  has  been  used  in  the  Nuclotron  at 
the  JINR  Dubna  since  1993.  In  close  cooperation  with  the 
JINR  the  dynamic  losses  of  the  existing  magnets  could  be 
reduced  to  a  value  of  18  W/m.  This  translates  into  total 
power  losses  of  5.4  kW  at  4  K  for  120  dipole  magnets 
using  a  standard  triangular  cycle  (2  T,  1  Hz).  In  parallel 
an  improvement  of  the  field  quality  and  the  mechanical 
long-term  stability  was  achieved.  Figure  1  shows  that  the 
original  losses  of  about  40  W/m  have  been  reduced  to  18 
W/m. 

45  - — - 

40  -  ^  AC  loss  R&D,  W/m  .  80k 

•  -  -  -  4Kmin 


- %.  - 4Kmax 


Figure  1  :  A  significant  reduction  of  the  dynamic  losses  of 
the  Nuclotron  magnet  has  been  achieved. 


To  determine  the  sources  of  the  losses,  a  detailed  test 
program  was  launched.  The  3D  field  configuration  at  the 
magnet  ends  was  found  to  be  one  of  the  most  important 
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sources  for  eddy  current  losses  in  the  iron  yoke.  3D 
calculations  confirmed  the  measured  data  [4], 

In  parallel,  an  alternative  magnet  design  with  an  iron  yoke 
at  80  K  was  developed  and  tested.  The  remaining  AC  loss 
in  the  coil  amounts  to  9  W/m  (Figure  1)  [5].  As  an 
additional  design  option,  the  replacement  of  the 
Nuclotron  cable  by  a  CICC  cable  was  studied  [6]. 

The  model  magnet  development  for  SIS  100  shall  be 
completed  by  the  end  of  2004. 

SIS300 

The  SIS300  will  be  equipped  with  superconducting 
magnets  similar  to  the  RHIC  arc  dipole  (BNL)  with  a 
one-layer  cosO-coil  or  the  UNK  dipole  (IHEP),  with  a 
two-layer  coil.  In  cooperation  with  BNL,  a  RHIC  dipole 
was  modified  to  reduce  the  dynamic  losses  for  a  standard 
triangular  cycle  (4  T,  1/8  Hz).  Tests  of  a  first  model 
dipole  started  at  the  end  of  2002.  With  the  main  emphasis 
on  the  development  of  a  cored  Rutherford  cable  dynamic 
losses  of  9  W/m  were  achieved  [7].  This  translates  into  a 
total  power  loss  of  2.8  kW  at  4  K  for  120  dipole  magnets. 
There  is  a  strong  user  interest  in  raising  the  maximum 
beam  energy  of  the  second  synchrotron  stage  by  using  6  T 
dipole  magnets  for  an  operation  of  up  to  Bp=300  Tm.  In 
cooperation  with  IHEP  the  design  of  the  6T  UNK  dipole 
magnet,  constructed  with  a  two-layer  cos0-coil  has  been 
modified  for  operation  at  a  fast  ramp  rate  of  1  T/s  [8]. 
Planned  R&D  to  achieve  this  goal  will  include  a  large  coil 
inner  radius  of  100  mm,  an  increase  of  the  temperature 
margin  and  tests  of  model  magnets. 

RF  SYSTEMS 

The  planned  SIS  100  operation  requires  powerful,  low- 
frequency  RF  systems  for  stacking,  acceleration  and 
bunch  compression.  A  low  bunching  factor  is  required  in 
order  to  restrict  the  space  charge  tune  shift  during  the  long 
injection  time  of  Is  to  AQ<0.2.  Bunching  factors  of  0.45 
and  0.85  can  be  achieved  in  a  multi-harmonic  and  a 
barrier  bucket  potential.  Both  options  are  presently  under 
investigation.  An  injection  into  a  barrier  bucket  in  SISlOO 
requires  a  time  consuming  preparation  of  the  bunch 
before  extraction  in  SIS  18.  Therefore  the  barrier  bucket 
injection  is  not  an  appropriate  scheme  for  the  generation 
of  maximum  number  of  particles  per  second  (gen.  of 
secondary  beams),  but  is  considered  for  the  generation  of 
maximum  number  of  particles  per  pulse  (plasma  physics 
exp.).  For  the  generation  of  high  average  beam  intensities 
a  transfer  into  a  two-harmonic  potential  in  SISlOO  is 
being  considered  as  a  sufficiently  fast  standard  scheme. 

Acceleration  in  SISlOO  at  h=10  requires  a  total  RF 
voltage  of  290  kV  in  a  frequency  range  of  1. 1-2.8  MHz. 
Furthermore  1  MW  of  compression  voltage  at  the 
extremely  low  frequency  of 465  kHz  needs  to  be  provided 
for  the  planned  generation  of  short,  single  bunches  after 
acceleration. 

We  investigate  two  alternative  concepts  for  the 
technical  layout  of  the  RF  systems.  The  first  option  is  to 
install  two  separate  RF  systems  for  acceleration  and 


compression,  while  the  second  option  is  to  combine  both 
functions  in  the  same  RF  system  [9].  Detailed  design 
studies  and  optimisations  with  respect  to  costs,  peak 
power  requirements,  shunt  impedance  and  maintainability 
are  in  progress. 


Table  1  :  Comparison  between  separated  and  combined 
RF  systems  for  acceleration  and  compression.  Vo,a  and 
Vo,c  are  the  gap  voltages  of  the  acceleration  and 
compression  systems,  N^.^  the  total  number  of  cavities, 
La,c  the  total  RF  system  length  and  the  peak  power  of 
the  compression  system, 


Vo, a 

Vo. 

Na.a 

Pc 

Separate 

RF  Systems 

16  kV 

40  kV 

18+25 

57  m 
+21  m 

20  MW 

Combined 

RF  System 

3kV 

10  kV 

100 

90  m 

lOMW 

The  SIS300  RF  system  consists  only  of  acceleration 
cavities  which  provide  a  total  voltage  of  80  kV. 

DYNAMIC  VACUUM  AND  LIFE  TIME 

Measurements  in  the  SIS  showed  that  the  stripping  cross 
section  o  for  at  8.6  MeV/u  is  of  the  order  of  10‘‘* 
cm' .  With  increasing  energy  the  observed  beam  lifetime 
does  not  improve,  from  this  we  conclude  that  the  product 
cl  (current  I)  remains  constant  under  the  present  SIS 
UHV  conditions  [10].  In  order  to  limit  the  beam  losses 
due  to  stripping  in  the  residual  gas  to  values  below  a  few 
percent  a  pressure  in  the  10''^  mbar  region  must  be 
ensured  in  all  (warm  and  cold)  section  of  SIS  100/300. 
Recent  experiments  at  CERN,  BNL  and  GSI  showed  that 
lost  heavy  ions  in  the  energy  range  between  1  and  10 
MeV/u  lead  to  large  outgassing  rates  of  heavy  gas 
components  from  stainless  steel  chambers. 

The  measured  desorption  coefficients  ri  varys  between 
10  and  10  molecules  per  incident  beam  ion.  Assuming 
homogenously  distributed  stripping  losses  and  pumping, 
the  equilibrium  dynamic  pressure  is 


with  the  pumping  speed  S,  the  base  pressure  —QIS 
(thermal  outgassing  rate  Q),  the  circumference  L  and  the 
beam  current  divided  by  the  charge  I/q.  Using  the  existing 
pumping  speeds  in  SIS  (S/L=:70 1  m'‘s'‘)  together  with  the 
measured  parameters  we  obtain  a  negative  denominator, 
meaning  a  pressure  instability,  for  the  SIS  100  design 
current  at  injection  energy.  The  pressure  instability  was 
observed  in  the  SIS  at  relatively  low  (N^IO*)  uranium 
intensity  confirming  the  desorption  coefficients  which 
were  found  at  CERN.  In  order  to  maintain  the  required 
pressure  of  10'’^  mbar  in  the  warm  sections  of  SIS 
100/300  ongoing  efforts  focus  on  1ow-ti  materials  for 
collimators,  on  combined  collimator/  pumping  posts  and 
on  increased  linear  pumping  in  NEG  coated  chambers. 
All  these  measures  should  reduce  the  overall  factor  rj/S 
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by  a  factor  1/1000  compared  with  the  existing  SIS.  In  the 
cold  sections  the  cold  wall  pumping  (S/L  ~  10000  1  m''s'*) 
needs  to  be  confirmed  for  the  SIS  100/300  environment 
[11].  Such  efficient  pumping  is  hoped  to  limit  the 
dynamic  pressure  increase  in  the  cold  sections. 


Figure  2  :  Measured  beam  desorption  induced  total 
pressure  increase  in  the  test-stand.  Shown  is  the  pressure 
rise  by  the  irradiation  of  a  Cu  sample  with  a  1.4  MeV/u 
-beam. 


In  order  to  measure  the  scaling  of  the  desorption 
coefficient  with  projectile  energy,  mass  and  charge  a 
desorption  test-stand  was  recently  set  up  at  GSI.  These 
experiments  should  also  lead  to  low-r|  materials  suitable 
for  collimators  or  for  vacuum  chambers.  First  results  with 
low  energy  (1.4  MeV/u)  C^'^-ions  irradiating  a  Cu  target 
are  shown  in  Figure  2. 
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Figure  3  :  Calculated  distribution  of  beam  loss  induced 
energy  deposition  in  one  arc  of  SIS  100,  assuming  5% 
losses  of  the  initially  lO'^  -ions. 

The  distribution  of  losses  due  to  ionisation  of  to 
and  the  thereby  deposited  energy  per  meter  have  been 
determined  for  the  SIS  100  lattice.  The  losses  occur 
mainly  after  charge  separation  in  the  arc  dipoles.  Figure  3 
shows  the  calculated  energy  distribution  assuming  a 
fraction  of  5  %  lost  ions.  The  plot  shows  the  strongly 
peaked  energy  deposition  along  the  beam  pipe  with  a 
maximum  after  the  first  pair  of  dipoles  following  the 
straight  sections. 


One  option  to  act  against  the  vacuum  instability  is  to 
control  as  many  as  possible  of  the  lost  ions  by  installing 
new  types  of  collimators  in  the  hot  spots.  Basis  for  this 
counter  measure  is  the  assumption  that  the  threshold  for 
vacuum  instability  can  be  enhanced  if  the  loss-created 
desorption  gases  are  to  a  large  fi-action  prevented  from 
reaching  the  optical  axis.  Therefore,  a  prototype  of 
desorption  collimator  was  developed  for  the 
operation  and  will  be  tested  in  SIS18[12].  The  concept  of 
the  proposed  collimator  is  to  localize  beam  losses  and  to 
capture  the  created  desorption  gases  in  a  secondary 
vacuum  chamber  (Figure  4).  A  wedge  shaped  block  acts 
as  a  collimator  and  is  installed  such  that  the  surfaces 
points  to  contrary  direction  of  the  optical  axis.  In  order 
to  eliminate  the  desorption  gases  produced  on  the  wedge 
surface,  the  secondary  chamber  was  equipped  with  two 
high  conductivity  pumping  ports  and  with  a  powerful 
cryo  pumping  system.  First  tests  of  the  prototype 
desorption  collimator  are  planned  for  August  2003. 


Figure  4  :  Layout  of  a  dedicated  collimator  for  the 
control  of  ionisation  beam  losses  and  desorption  gases. 
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Abstract 

In  the  process  of  accelerating  protons  from  50  to  450 
MeV  at  30  Hz,  low-energy  electrons  are  generated  within 
the  IPNS  RCS  vacuum  chamber.  Electrons  from 
background  gas  stripping  are  detected  using  an  Ionization 
Profile  Monitor  (IPM)  to  generate  integrated,  horizontal 
charge  distributions  of  the  single-harmonic  bunch  during 
acceleration.  Recently,  a  Retarding  Field  Analyzer  (RFA) 
was  installed  in  the  RCS  to  look  for  evidence  of  beam- 
induced  multipacting  by  measuring  the  electrons  ejected 
by  the  space  charge  of  the  beam.  A  wide-band,  high-gain 
transimpedance  amplifier  has  been  built  to  observe  time 
structure  in  the  electron  signal  detected  with  the  RFA. 
Though  a  noisy  power  supply  prevented  full  I-V 
characteristics  from  being  obtained,  interesting  features 
are  observed;  especially,  after  the  period  of  phase 
modulation  between  the  rf  cavities  that  is  deliberately 
introduced  during  the  cycle.  The  phase  modulation 
generates  a  longitudinal  quadrupole  oscillation  in  the 
bunch,  which  is  believed  to  enhance  beam  stability. 
Preliminary  results  indicate  that  electron  multipacting  is 
not  significant  in  the  RCS.  The  effects  of  background  gas 
neutralization  are  considered  and  details  of  the  RFA 
measurements  are  presented. 

INTRODUCTION 

Space-charge  neutralization  can  play  an  important 
roll  in  the  transport  properties  of  an  ion  beam,  especially 
if  the  fractional  neutralization  becomes  substantial.  For 
example,  in  the  IPNS  accelerator,  nitrogen  gas  is 
introduced  between  the  H'  ion  source  and  750-kV, 
Cockcroft-Walton  pre-accelerator,  to  mitigate  space- 
charge  blow-up  of  the  beam[l].  Neutralization  allows 
efficient  transport  of  ions  between  the  source  and  linac. 
In  this  case,  the  effect  is  primarily  electric  neutralization. 
In  the  RCS,  the  effects  of  neutralization  are  again  present; 
due  to  the  ionization  of  background  gas;  however,  in  this 
case,  the  magnetic  field  of  the  beam  may  also  be 
involved. 

ANALYSIS 

"^e  beam  space-charge  generates  an  electric  field 
which  drives  positive  background  ions  out  of  the  beam 
ehannel,  while  attracting  and  trapping  electrons.  A 
uniform  beam  density  is  assumed  across  an  average 
radius,  rb,  and  zero  density  outside  to  the  wall  radius  r*,. 
The  radial  electric  field  may  be  expressed  as, 

*  This  work  is  supported  by  the  USDOE,  eontract  W-3 1  - 1 09-ENG-38. 
t  jcdooIing@anl.gov 


Er(r)-p(t)r/2eo,  for  Krb,  and  E,(r)=p(t)rb^/2r£o,  for  rb<Krw, 
where  p(t)=e(ni(t)-ne(t))  and  ni(t)=Z(t)nbk(t)+nb(t).  The 
background  ion  density,  nbk(O)  is  initially  assumed  to  be 
zero.  Though  this  is  a  simple  model,  it  is  useful  in 
examining  the  dynamics  of  the  background  ions.  The 
average  electric  field,  Eav  across  the  inner  radius  can  be 
used  to  compare  non-relativistic  transit  times, 
Ttt=(2n3rw/eEav)'^^  for  the  ions  and  electrons.  For  3xl0’^ 
protons  uniformly  distributed  within  rb=1.5  cm  and 
occupying  half  of  the  43  m  RCS  circumference  (Bf=0.5), 
Eav— 154  V/cm,  assuming  rv,=3.8  cm.  The  one  way  transit 
times  for  an  electron  and  a  singly-charged  nitrogen  ion, 
both  starting  with  zero  initial  velocities  are  1.7  ns  and 
270  ns.  This  can  be  compared  with  a  bunch  length  of 
225  ns  near  injection  (h=l). 

Analysis  shows  that  beam  space-charge  can  trap  and 
release  electrons[2];  in  addition,  secondary  electron  yield 
(SEY)  from  the  wall  may  exceed  unity  leading  to  a  build¬ 
up  in  the  electron  density  and  the  development  of  an  e-p 
instability [3 ,4].  The  process  of  SE  is  distinct  from 
background  gas  neutralization;  in  the  former  case,  the 
creation  of  low-energy  (free)  background  ions  does  not 
occur,  and  any  positive  background  ions  are  quickly 
ejected  by  the  beam  space  charge  playing  no  roll  in  the 
process.  However,  if  the  electron  density  builds  up 
quickly  during  the  period  of  coasting  beam  injection  and 
capture,  the  space-charge  of  the  beam  may  be  neutralized, 
preventing  the  ejection  of  backgroxmd  ions. 

Determination  of  the  neutralization  time,  Xn,  requires 
that  the  ionization  cross  section,  a  be  known.  Following 
the  discussion  from  Reiser[5],  the  calculated  values  of  cr 
are  presented  in  Figure  1  along  with  the  neutralization 
folding  times  for  background  gas  pressures  of  1  pTorr  and 
2  pTorr  N2.  The  average  background  gas  pressure  in  the 
RCS  falls  within  this  range.  The  neutralization  folding 
time  is  given  by,  Xn=(ngCTv)'',  where  Ug  is  the  neutral 
background  gas  density.  As  shown  in  Figure  1,  for 
1  pTorr,  x„  varies  from  0.5  ms  to  1.0  ms  during  the 
acceleration  period.  For  purpose  of  comparison,  in  the 
PSR  at  Los  Alamos,  x„  =  20  ms. 


Figure  1:  Ionization  cross  section  and  neutralization 
times  in  the  RCS  for  1  and  2  pTorr,  Nj. 
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Given  the  ionization  cross  section  and  the 
background  gas  and  beam  densities,  the  average 
incremental  ion  and  electron  density  created  per  cycle 
(Z=l)  is  ngHbOrPcAt,  where  At  is  the  revolution  period. 
Assuming  a  round  beam  of  radius  rb=1.5  cm,  the  average 
beam  density  is  nb=2.0xl0“' m"^  (BF=0.5).  At  1  pTorr, 
the  background  gas  density  exceeds  that  of  the  initial 
beam  by  more  than  2  orders  of  magnitude. 

Self-focusing  may  occur  if  the  background  plasma 
traps  a  portion  of  the  beam’s  magnetic  field.  As  the  beam 
travels  around  the  synchrotron,  its  current  creates  a 
magnetic  field.  A  stationary  plasma  in  the  vicinity  of  the 
beam  will  have  a  tendency  to  maintain  some  of  the 
impressed  field  for  a  period,  the  magnetic  decay  time. 
The  beam  will  experience  the  trapped  magnetic  field  and 
respond  to  it.  It  is  assumed  that  the  trapped  field,  Bt  is 
maintained  by  a  current  that  travels  in  the  same  channel  as 
the  beam[6].  From  the  Lorentz  force  expression, 
F=q(E+vxB),  it  can  be  seen  that  the  primary  force  on  the 
beam  protons  is  in  the  radial  direction  (Vz=Pc,  B-Ba,^). 
The  radial  force  may  be  expressed  as. 


Fr(r)  =  qpci^2^ 

ZTrr 


(1) 


where  Ini(r)=fnlb(r)  and  f„  is  the  fractional  neutralization. 
Assuming  a  imiform  current  density,  Im(r)a:r^  and  the 
focusing  length  is  independent  of  radius  within  the  beam. 
The  focal  length  of  the  plasma  lens  is  fpi=r/r’  where 
r’=Vr/Vs  and  Vr=aiAt+Vro.  Letting  Vro=0,  and  again  writing 
At  as  the  cycle  time,  27iR/pc,  the  focal  length  becomes. 


fpl  - 


Pymc  2 


(2) 


where  now  represents  the  total  magnetic  current  and 
R=6.83  m.  Assuming  the  backgroimd  plasma  traps  the 
average  current  (~2  A,  Bf~0.2),  the  focal  length  of  the 
plasma  lens  is  45  m,  approximately  the  circumference  of 
the  ring.  This  is  a  relatively  weak  lens.  In  this  simple 
model,  though  the  lens  is  linear,  its  strength  varies  as 
rb  ^  (current  density).  In  reality,  the  beam  density  is  more 
like  a  Gaussian  distribution  and  the  trapped  field  likely 
will  not  vary  linearly  with  r.  In  this  case,  the  nonlinearity 
of  the  lens  acts  to  couple  longitudinal  beam  energy  into 
the  transverse  planes. 

Most  treatments  of  electron  cloud  instability  ignore 
the  presence  of  background  ions  [7,8].  When  the 
background  gas  pressure  is  low  or  the  beam  cycle  time  is 
short  compared  to  the  neutralization  folding  time,  t„,  this 
assumption  may  be  acceptable.  In  the  case  of  the  RCS, 
the  acceleration  period  is  significantly  longer  than  ta.  The 
presence  of  a  background  plasma  can  alter  the  beam  self¬ 
field  and  applied  fields  within  the  vacuum  chamber. 


EXPERIMENTAL  ARRANGEMENT 

The  phase  controller  for  the  RCS  rf  includes  a 
“scrambler”  that  causes  a  phase  modulation  in  the  rf 


accelerating  yoltage  near  the  second  harmonic  of  the 
synchronous  frequency  (~10  kHz).  The  scrambler  is 
typically  switched  on  between  8.5  ms  and  9.5  ms  into  the 
acceleration  period.  Scrambler  excitation  couples 
longitudinal  energy  into  transverse  bunch  motion  and  may 
help  to  disrupt  the  plasma  channel  growing  with  the 
beam.  Without  the  scrambler,  the  beam  sustains  a 
substantial  loss  near  the  end  of  the  cycle[9]. 

The  Profile  and  Position  System  (PAPS) 

The  PAPS  consists  of  two  arrays  of  stainless  steel 
grids,  one  on  the  bottom  and  the  other  on  the  side  of  the 
S6  straight  section,  detecting  integrated  horizontal  and 
vertical  electron  currents,  respectively [10].  The  PAPS  is 
a  form  of  ionization  profile  monitor  (IPM)  and  depends 
on  the  ionization  of  the  background  gas  in  an  applied 
electric  field  to  provide  profile  information.  The 
horizontal  PAPS  is  presented  schematically  in  Figure  2. 


-  10.80  cm - 
Vb  =  -400V 


I  beam 

5.72  cm 


H.V.  plate 


suppressor 
fVb  =  -30V  grid 


0.64  cm 


OV 


collector  grid 


0.38  cm  X  10.16  cm 
on  0.64  cm  pitch 

Fig.  2.  Horizontal  Profile  and  Position  System  (PAPS). 


Typically,  the  PAPS  bias  plate  voltage  is  set  at 
-400  V.  The  horizontal  PAPS  device  has  a  more  desirable 
aspect  ratio  (plate  width/beam  gap)  relative  to  its  vertical 
partner,  so  here  we  will  discuss  only  horizontal  PAPS 
data.  The  horizontal  device  is  made  up  of  16  stainless 
steel  collector  strips  arrayed  across  the  bottom  of  the 
diagnostic  with  a  0.25-in.  (.64  cm)  spacing  fi'om  center  to 
center  as  shown  in  Figure  2.  Between  each  collector  strip 
is  a  grounded  guard  strip.  The  PAPS  bandwidth  is  5  kHz. 
The  amplitude  of  the  PAPS  profile  is  sensitive  both  to 
bias  voltage  and  background  pressure  as  shown  in  Figure 
3.  The  PAPS  data  show  processes  associated  with 
injection  and  the  phase-modulating  scrambler  period.  The 
profiles  become  multi-peaked  and  noisy  after  the 
scrambler  burst  around  10  ms;  in  addition,  the  peak 
amplitude  is  substantially  reduced.  The  suppressor  bias  is 
maintained  at  a  small  fraction  of  the  main  bias.  It  is 
interesting  to  note  that  with  zero  bias,  the  profile  inverts 
slightly,  indicating  a  positive  current,  perhaps  due  to  SE. 

The  Retarding  Field  Analyzer  (RFA). 

The  RFA  is  an  electron  energy  analyzer  which  has 
been  described  elsewhere[ll].  The  RFA  assembly  is 
mounted  onto  a  2.75  in.  (7.0  cm)  diameter  stainless  steel 
flange  between  the  L5  cavity  and  triplet  magnet  6  on  the 
outboard  side  of  the  beam  pipe  at  beam  elevation. 
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Figure  3.  PAPS  profiles  with  a)  three  background 
pressures  increasing  in  ascending  order  from  0.4  pTorr  to 
1.2  pTorr  1  ms  after  injection,  and  b)  -400  V  and  0  V  on 
the  H.V.  plate,  2  ms  after  injection.  Ch.  1 1  is  inactive. 

Based  on  background  gas  ionization  alone,  the 
output  signal  from  the  RFA  is  expected  to  be  small.  An 
amplifier  has  been  constructed  with  a  transimpedance 
gain  of  300  kn.;  the  voltage  gain  of  the  circuit  into  50  Q 
is  6000  (76  dB).  Using  the  ionization  cross  section  for 
nitrogen  given  above,  the  electron  current  per  unit  length, 
lei  is  46  pA/m  at  injection.  The  output  amplifier  voltage  is 
calculated  to  be  2.4  mV.  It  is  difficult  to  definitively  say 
that  electrons  have  been  observed  using  the  RFA. 
“Electron-like”  signals  are  seen  sporadically,  for  example- 
the  data  in  Figure  4  strongly  suggests  a  burst  of  electrons 
during  beam  bunching  early  in  the  RCS  cycle;  however, 
such  data  are  rarely  repeated.  This  is  under  investigation. 

Pie  Electrodes 

Another  indication  that  electrons  are  present  in  the  RCS 
come  from  broadband  noise  observed  on  split-can  or 
“Pie”  electrodes  located  in  the  short  straight  sections  of 
the  ring.  The  Pie  electrodes  are  short  striplines  and 
therefore  provide  a  differentiated  current  signal  with 
respect  to  time.  Beam  position  data  is  generated  from  this 
diagnostic  using  analog  summing  and  differencing 
circuits.  A  sample  of  the  broadband  noise  spectrum 
detected  with  the  Pie  electrodes  is  presented  in  Fig.  5.  In 
the  figure,  the  two  spectra  shown  are  obtained  from  an 
80  ps  slice  of  time  data  (20  kS  at  250  MS/s)  starting 
10.88  ms  after  injection  and  approximately  2.5  ms  after 
the  scrambler  period  begins.  The  primary  shape 
harmonics  are  visible  in  both  spectra;  however,  in  the 
scrambler  spectrum,  broad  sidebands  are  in  evidence. 
The  sidebands  move  to  higher  frequency  with  time.  It  is 
the  cycle  without  the  large  sidebands  (and  scrambler)  that 
exhibit  a  70  percent  loss  of  beam  prior  to  extraction. 
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Figure  4:  RFA  and  RWM  data  recorded  just  after 
injection,  V,e,=  0  V,  Vc„r30  V  (1  MQ),  a)  tsu,„=448  ps,  b) 
tstart=528  ps.  The  signals  are  temporally  aligned. 
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Figure  5:  Pie  spectra  for  an  80  ps  slice  of  time  data 

starting  at  10.88  ms;  a)  no  P  and  b)  with  PM. 
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Abstract 

Based  on  the  “LINAG  Phase  1”  conceptual  design  [1], 
a  two  years  detailed  study  on  a  ISOL-type  facility  for  the 
production  of  high  intensity  exotic  beams,  named 
SPIRAL2,  has  been  launched.  The  rare  isotope  beams  are 
produced  via  the  fission  proeess,  with  the  aim  of 
lO'^  fissions/s  at  least,  indueed  either  by  fast  neutrons 
from  a  C  converter  in  a  UCx  target  or  by  direct 
bombardment  of  fissile  material.  The  driver,  with  an 
aeceleration  potential  of  40  MV,  has  to  be  upgradeable 
and  versatile:  it  will  accelerate  deuterons  (5  mA)  and 
A/q=3  ions  (1  mA)  and  even  heavier  ions  in  a  later  stage. 
It  consists  in  high-performance  ECR  sources,  an  RFQ 
cavity  and  independent  phase  superconducting  resonators. 

The  primary  beam  is  transferred  towards  the  production 
system,  including  converter,  target  and  ion  source.  The 
exotic  beam  can  be  directly  used  in  a  low  energy 
experimental  area  or  is  accelerated  by  the  existing  CIME 
cyclotron  after  increase  of  its  charge-state  by  means  of  an 
ECR  charge  booster.  The  selection  of  the  parameters  as 
well  as  the  technology  result  from  an  optimisation  of  the 
linac.  Systematic  beam  dynamics  calculations  with  space 
charge  forces,  3-D  field  maps  and  alignment  errors  to 
check  the  robustness  of  the  design  and  the  very  low  loss 
rate  all  along  the  linac  are  in  progress. 

INTRODUCTION 

In  order  to  extend  the  study  of  the  structure  of  nuclei 
far  from  stability  to  medium-mass  nuclei  at  GANIL,  a 
two-year  detailed  design  study  on  an  ISOL-type  facility, 
named  SPIRAL  2,  has  been  launched.  As  the  final 
intensities  of  RIB’s  will  define  the  areas  of  the  nuclear 
chart  that  will  be  accessible  to  experiments,  high  intensity 
primary  beams  as  well  as  various  production  methods  are 
needed.  The  production  method  of  the  rare  isotope  beams 
is  based  on  a  variation  of  the  ISOL  method  by  resorting  to 
the  fission  process  induced  either  by  fast  neutrons  from  a 
C  converter  in  a  UCx  target,  with  the  aim  of  producing 
more  than  lO'^  fissions/s,  or  by  direct  bombardment  of 
fissile  material.  Different  types  of  ion  source  will  be 
coupled  to  the  target  depending  on  their  ionisation 
efficiency  for  the  selected  radioactive  element.  The 
isotopes  will  be  bred  to  higher  charge  state  for  proper 
post-acceleration  up  to  6MeV/u  in  the  existing  CIME 
cyclotron.  In  addition,  the  acceleration  of  heavy  ion 
beams  of  high  intensity,  thanks  to  the  forthcoming 
generation  of  ECR  ion  sources,  will  allow  users  to  do 
fiision-evaporation  physics.  The  driver,  with  an 
acceleration  potential  of  40  MV  will  accelerate  5  mA 
deuterons,  1  mA  ions  of  mass-to-charge  ratio  A/q=3  and 
even  higher  A/q  ions  in  a  later  stage  (up  to  6). 


DRIVER  LAYOUT 

Due  to  the  high  beam  power  (200  kW)  and  to  its 
modularity,  the  linac  solution  was  chosen.  As  it  must 
accelerate  light  ions  (deuteron)  and  heavier  ions  of  A/q=6, 
the  linac  was  optimised  in  energy  for  A/q=3  ions. 
Moreover,  the  energy  range  of  the  driver  for  the  heavy 
ions  must  be  very  flexible  and  extend  from  ~  15  MeV/u  to 
very  low  energies,  as  low  as  -1  MeV/u.  The  main  linac 
parameters  are  given  in  Table  1. 


Table  1 :  Main  linac  parameters 


A/q  =  2 

A/q  =3 

Ei„  [keV/ul 

20 

20 

Eoo,  IMeV/ul 

20 

14.5 

El  rms  fTi.mm.mradl 

0.2 

0.4 

e^rms  fTt.deg.MeVl 

0.05 

0.12 

Intensity  [mA] 

5 

1 

Figure  1  shows  the  schematic  layout  of  the  driver.  A 
first  injector  includes  two  ECR  sources  for  deuterons  and 
A/q  =  3  ions,  the  associated  Low-Energy  Beam  Transfers 
(LEBT)  followed  by  a  common  RFQ  cavity.  A  second 
injector  for  injecting  the  higher  A/q  ions  beam  is  planned 
to  run  into  the  Medium-Energy  Beam  Transfer  (MEET). 
The  beam  is  then  accelerated  up  to  a  total  energy  larger 
than  40  MeV  by  an  Independently  Phased 
Superconducting  Linac,  providing  a  safe  cw  operation 
and  high  flexibility  in  the  acceleration  of  different  ion 
species  and  charge-to-mass  ratios. 

Ion  sources 

In  order  to  avoid  severe  reduction  of  the  beam  intensity 
by  using  stripping  foils  at  intermediate  energies,  one  takes 
advantage  of  the  continuous  progress  of  high  charge  state 
ECR  sources.  The  5  mA  deuteron  beam  will  be  produced 
either  from  a  downgraded  version  of  the  high  intensity 
SILHI  source  [2]  (replacement  of  e.m.  magnets  by 
permanent  magnets  and  modification  of  the  extraction 
system)  or  from  an  improved  version  of  the  micro¬ 
phoenix  source  [3].  For  the  A/q=3  ions,  the  state-of-the- 
art  in  ECR  sources  gives  1  mA  and  0.2  mA  seAr.’^^ 
High  confinement  fields  (Br  ~  2-3  T)  and  high  frequency 
(f>28GHz)  are  required  to  increase  the  ion  beam 
currents.  Two  options,  based  respectively  on  a  fully 
superconducting  ECR  source  and  on  a  combination  of 
permanent  and  high  temperature  superconducting 
magnets,  are  expected  to  start  in  2004  in  the  framework  of 
an  european  research  program,  named  “Ion  Sources  for 
Intense  Beams  of  Heavy  Ions”  (ISIBHI). 
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Figure  1 ;  Architecture  of  the  SPIRAL  2  Linac 


Frequency  choice 

On  the  one  hand  a  low  rf  frequency  at  the  linac  front 
end  offers  a  suitable  longitudinal  acceptance  for  the  slow 
heavy  ion  beam,  on  the  other  hand  a  high  rf  frequency  is 
preferred  because  of  the  more  compact  and  consequently 
cheaper  accelerating  structures.  As  a  tradeoff,  a  frequency 
jump  at  intermediate  energy  is  generally  chosen.  Different 
frequency  scenarii  have  then  been  studied: 

-  88  MHz  for  the  whole  linac 

-  88/176  MHz  for  the  low/high  energy  part 

-  176  MHz  for  the  whole  linac 

Two  types  of  superconducting  cavities  have  been 
considered:  Quarter-Wave  Resonators  (QWR)  and  Half- 
Wave  Resonators  (HWR).  The  former  is  quite  convenient 
at  low  frequency  whereas  the  latter  is  too  bulky  at  low 
frequency  but  avoids  the  “steering  effect”  that  can  be 
detrimental  for  light  particles  [4],  The  two-frequency 
scheme  was  finally  chosen:  the  whole  linac  at  176  MHz 
leads  to  the  highest  number  of  resonators  and  the  highest 
power  consumption  in  the  RFQ  and  jeopardizes  the 
acceleration  of  heavy  ions;  the  whole  linac  at  88  MHz 
gives  the  largest  cavity  aperture  over  beam  size  ratio  but 
the  too  big  diameters  make  the  fabrication  of  resonators 
and  cryostats  tricky. 

RFQ  cavity 

A  high  RFQ  transmission  is  required  (lower  than  3% 
beam  loss  with  all  combined  errors)  to  allow  for  hands  on 
maintenance.  Different  technologies  at  88  MHz  were 
studied:  the  4-vane  type  gives  a  safe  cw  operation  even 
for  a  high  electrode  voltage  (greater  than  100  kV)  and  the 
highest  transmission  but  a  simplified  mechanical  design 
has  to  be  found  to  compete  with  usually  cheaper  4-rod  or 
IH  type  RFQs.  An  only  mechanically  assembled  cavity 
without  brazing  or  welding  and  made  from  a  simple 
copper  tube  is  proposed.  RF  joints  can  be  used  because  of 
the  low  power  density  (<  6  W/cm^)  and  of  the  moderate 
magnetic  fields  (<  2500  A/m).  Figure  2  shows  the  main 
parameters  of  the  RFQ.  The  construction  takes  into 
account  the  non  constant  voltage  and  Ro  profile,  the 
tolerances  of  1%  on  the  voltage  law  and  of  one  tenth  of 
mm  on  the  vane  tips  displacement.  One  variant  that 


introduces  coupling  windows  in  the  vanes,  also  called 
split-coaxial  RFQ”,  thus  reducing  up  to  two  times  the 
external  diameter,  has  not  been  retained  because  the  peak 
power  density  is  larger  and  the  added  complexity  of  the 
assembling  makes  the  cost  very  similar 


Figure  2  :  Main  RFQ  parameters 

The  length  of  the  RFQ  is  between  5  and  6.5  m, 
corresponding  respectively  to  0.75  and  l.OMeV/u  and 
will  be  determined  by  the  results  of  start-to-end  multi¬ 
particle  simulations  including  all  realistic  errors. 

Resonators  and  cryostats 

Two  resonator  families  that  differ  in  geometric  P  and 
frequency  are  used.  The  3-values  were  optimised  to  give 
the  shortest  linac  with  a  minimum  number  of  resonators. 
The  assumed  accelerating  field  is  8  MV/m.  The  resulting 
linac  comprises  a  total  of  30  resonators  and  is  composed 
of  2  modules  of  six  3=0.07  resonators  at  88  MHz  and  3 
modules  of  six  3=0.14  resonators  at  176  MHz.  A  slot  is 
left  at  the  end  of  the  linac  to  allow  for  the  installation  of 
an  additional  6-cavity  module  if  the  field  of  8  MV/m 
could  not  be  reached  but  decreased  as  low  as  6.5  MV/m. 

The  shape  of  the  resonators  was  first  optimised  to 
achieve  the  lowest  peak  fields.  For  example,  the  lowest 
electric  and  magnetic  fields  for  the  QWR  type  are 
obtained  by  enlarging  the  curvature  radius  of  the  drift 
tube  and  the  stem  diameter,  respectively.  The  final 
geometry  gives  peak  fields  over  accelerating  field  ratios 
of  Epi/Eacc  ~  5  and  Bp^/Eacc  ~  10  mT/MV/m.  An 
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accelerating  field  of  8  MV/m  leads  to  Ep^  ~  40  MV/m  and 
Bpk=:80mT,  which  should  be  achieved  without  too 
much  effort  by  using  the  well-tried  methods  developed  in 
the  last  ten  years  (high  pressure  rinsing,  high  purity 
niobium,  clean  conditions...).  Besides,  a  conical  shape  of 
the  stem  and  a  rounded  shape  at  the  top  improve  the 
stiffening  of  the  cavity.  Figure  3  shows  the  geometries  of 
both  QWR  and  HWR  types.  Last,  a  slight  modification  of 
the  wall  at  the  beam  ports  location  of  the  QWR  will 
cancel  the  “steering  effect”  if  beam  dynamics  calculations 
show  that  this  effect  is  too  strong. 


Figure  3  ;  QWR  and  BTWR  geometries 

Up  to  now  conservative  values  of  spacing  between  the 
different  components  (bellows,  flanges,  cold-warm 
transition,  etc)  have  been  assumed.  More  attention  will  be 
paid  to  the  reduction  of  these  distances  if  the  present 
cryostat  length  (-5  m)  and  inter-tank  spacing  are  too  large 
from  the  beam  dynamics  point  of  view. 

LOW  LEVEL  RF 

As  a  Low  Level  RF  (LLRF)  system  is  required  for 
different  types  of  accelerating  stmctures  (RFQ,  QWR  and 
HWR)  fed  by  tube  or  solid-state  amplifiers,  the  flexibility 
offered  by  digital  systems  makes  them  ideal  candidates. 


Figure  4  :  Block  diagram  of  the  LLRF  system. 

A  common  hardware  design  (Figure  4)  with  a  high 
integration  level  in  a  fast  programmable  logic  chip 
(FPGA)  will  provide  high  performances  in  terms  of  noise 
and  reliability  and  at  a  lower  cost  for  manufacturing  and 
maintenance.  The  reference  signal  of  2  MHz  is  sampled 
with  the  IF  signal  to  provide  a  4-quadrant  I-Q 
demodulation.  The  dynamic  compensation  of  the 


feedback  loops,  as  well  as  an  eventual  feedforward,  are 
implemented  as  IR  filters  in  the  same  FPGA. 

BEAM  DYNAMICS 

Two  essential  rules  must  be  respected  to  avoid  dilution 
and  beam  loss:  the  phase  advance  per  lattice  period  must 
be  lower  than  90°  and  the  beam  must  be  carefully 
matched  in  all  planes  (longitudinal  and  transverse) 
between  tanks.  This  statement  favours  a  large  number  of 
cavities  per  tank  and  led  to  choose  6  eavities  per  cryostat. 
The  focussing  is  ensured  by  solenoids  instead  of 
quadmpoles  because  the  sensitivity  to  misalignments  and 
the  cost  are  lower  but  care  must  be  paid  to  the  tilt  of  the 
solenoids.  The  axial  field  is  kept  low  enough  (lower  than 
8  T)  in  order  to  use  a  classical  technology  of  NbTi  for  the 
superconducting  coils.  Figure  5  shows  for  example  the 
phase  advance  per  cell  and  the  beam  power  per  cavity  for 
a  5  mA  deuteron  beam  and  a  maximum  accelerating  field 
of  8  MV/m.  Detailed  calculations  are  presented  in  [5,6]. 
The  next  step  will  be  devoted  to  systematic  start-to-end 
simulations  including  3-D  field  maps  and  correction  of 
beam  steering  induced  by  QWRs  and  alignment  errors. 


Figure  5  :  Phase  advance  /  cell  (top)  and  beam  power  / 
cavity  (bottom)  along  the  SC  linac  for  the  beam. 
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Abstract 

The  superconducting  injector  linac  COSY-SCL  is  being 
designed  and  constructed  at  the  Forschungszentrum 
Juelich.  The  main  goal  of  the  new  injector  is  to  fill  the 
cooler  synchrotron  COSY  with  polarized  protons  as  well 
as  with  polarized  deuterons  up  to  the  space-charge  limit  at 
injection  energy.  COSY-SCL  is  characterized  by  a  base 
frequency  of  160  MHz,  25  kV  ion-source  extraction 
voltage,  a  pulse  length  of  up  to  500  /ts,  a  maximum 
repetition  rate  of  2  Hz,  injection  into  the  linac  at  P=0.073 
and  injection  into  COSY  at  kinetic  energies  of  52  MeV 
for  protons  and  56  MeV  for  deuterons,  respectively.  The 
injector  configuration  is  presented,  and  its  main 
subsystems  -ion  source  (CIPIOS  from  lUCF  for  polarized 
H  and  D ),  RFQ  (built  in  co-operation  with  the  University 
of  Frankfurt),  linac  (based  on  half-wave  resonators 


operating  at  160  and  320  MHz)-  are  described  and 
discussed.  The  present  status  of  the  project  is  reported. 

INTRODUCTION 

Several  independent  review  committees  have  identified 
a  much  enhanced  future  scientific  potential  for  the  COSY 
accelerator  facility  if  intensities  for  polarized  ions  could 
be  raised  to  about  2*10",  which  roughly  corresponds  to 
the  limitation  by  space  charge.  The  evaluations  also 
showed  that  a  different  injector  is  needed  for  this  purpose 
because  the  present  injector,  the  30  years  old  isochronous 
cyclotron  JULIC,  is  constituting  a  bottle  neck  that  would 
foil  any  attempt  to  reach  that  goal.  The  most  suitable  new 
injector  for  COSY  turned  out  to  be  a  superconducting  (sc) 
linac  with  independently  phased  single-cell  cavities  [1]. 


Fi^re  1:  Detailed  view  of  the  injector  linac  area  with  (i)  ion  source  section,  (ii)  RFQ  section, 
(iii)  sc  linac  section,  (iv)  transfer  line  to  COSY  and  the  diagnostics  line  (from  right  to  left). 
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LINAC  CONCEPT 

The  new  injector  should  be  able  to  deliver  polarized 
proton  and  deuteron  beams  with  sufficient  intensities  to 
fill  COSY  to  the  space-charge  limit  at  the  chosen  injection 
energy  of  about  50  MeV.  In  addition,  the  new  injector 
should  fit  into  the  existing  building  of  COSY  to  keep  civil 
engineering  costs  low.  Furthermore,  construction  should 
not  interfere  with  the  ongoing  experimental  program  and 
allow  a  fast  switching  from  the  cyclotron  to  the  new 
injector  once  it  has  been  completed. 

A  normal  conducting  linac,  due  to  its  excessive  length, 
turned  out  to  be  incompatible  with  the  existing  space 
limitations.  In  addition,  a  beam  dynamics  analysis  showed 
that  superconducting  quarter-wave  resonators  such  as  in 
use  at  other  facilities  to  accelerate  heavy  ions  are  not 
suitable  in  our  energy  range  for  light  ions.  Hence,  a  new 
design  in  form  of  superconducting  half-wave  resonator 
(HWR)  structures  was  worked  out. 

For  establishing  this  design,  a  large  number  of  obstacles 
had  to  be  overcome  and  new  solutions  for  many  crucial 
details  had  to  be  found.  An  international  review 
committee  scmtinized  the  proposed  design  and  found  that 
this  project  could  make  significant  contributions  to  the 
development  in  this  field  of  accelerator  technology.  Their 
encouragement  and  recommendations  paved  the  way 
from  design  to  construction. 

Figure  1  shows  the  injector  area  and  gives  a  detailed 
layout  of  the  injector  linac  components.  The  cryogenic 
plant  is  not  included  in  this  picture,  because  the 
compressors  will  be  located  outside  the  building  to 
sufficiently  suppress  mechanical  vibrations. 

ION  SOURCES 

The  ion  source  complex  located  in  the  small  annex  will 
be  able  to  deliver  polarized  and  unpolarized  H'  or  D'  with 
an  energy  of  25  keV  and  pulses  of  up  to  500  /ts  width  at  a 
repetition  rate  up  to  2  Hz.  Two  ion  sources  are  foreseen,  a 
commercial  multi-cusp  source  that  is  already  delivered 
and  the  adapted  CIPIOS  source  of  Indiana  University 
(lUCF).  The  contract  for  delivery  has  already  been  signed 
and  also  includes  the  electrostatic  low  energy  beam- 
transport  system.  In  addition,  a  collaboration  with  the 
INR-institute  (Troitzk)  was  established  to  further  improve 
the  performance  of  this  source.  First  results  of  this  work, 
still  obtained  at  lUCF,  succeeded  in  significantly  reducing 
the  electron  current  emission  and  reached  a  much  higher 
peak  current  as  well  as  an  increased  pulse  width.  The 
product  of  these  values  will  determine  the  number  of  ions 
that  can  be  injected  into  COSY. 

RFQS 

The  subsequent  radio-frequency  quadrupole  (RFQ) 
section  will  be  used  to  bunch  the  beam,  accelerate  the 
ions  to  2.5  MeV/nucleon,  and  shape  the  phase  space 
according  to  the  requirements  of  the  superconducting 
linac.  As  the  velocity  profiles  are  different,  each  ion 
species  needs  its  own  RFQ.  The  RFQs  will  be  mounted 


alongside  each  other  on  a  mechanical  rail  system  to  allow 
switching  the  ion  species  in  less  than  one  working  day. 
Phase-space  matching  is  achieved  using  2  quadrupole 
doublets  in  combination  with  an  rf-cavity,  acting  as  a 
rebuncher  [2].  The  RFQs  and  the  rebuncher  cavity  have 
been  designed  in  collaboration  with  the  University  of 
Frankfiirt/Main  [3]. 

HALF-WAVE  RESONATORS 

The  superconducting  linac  section  comprises  11  unit 
cells  plus  an  option  for  two  further  ones.  Each  cell  is  1.7 
m  long.  It  contains  at  the  outgoing  end  a  quadrupole 
doublet  for  transverse  focussing  and  a  diagnostic  box  in 
between.  The  quadrupoles  are  designed  for  a  maximum 
gradient  of  45  T/m  and  will  be  operated  in  a  pulsed  mode 
to  save  electric  power  as  well  as  space. 

Although  quarter-wave  resonators  have  a  proven  record 
for  the  acceleration  of  heavy  ions,  the  sensitivity  of 
lighter  ions  to  magnetic  fields  mandated  the  use  of  half¬ 
wave  resonators.  Four  HWRs,  made  of  ultra  pure  niobium 
and  cooled  close  to  4  K,  are  grouped  inside  one  cryostat 
without  focusing  elements.  The  resonators  are  arranged  in 
two  families.  The  first  20  resonators  (Ps^O.ll)  operate  at 
160  MHz,  and  the  following  24  resonators  (Psti=0.2) 
operate  at  320  MHz. 


160MHz 

320MHz 

3.^1r 

0.11 

0.2 

R/Q 

249 

244 

Bpeak  ^acc 

10.4 

9.4 

Epeaj(/Eacc 

4.5 

4 

jE(z)dz 


Table  1:  Characteristic  data  of  the  two  HWR  types  with 
definition  of  E^cc. 

The  resonators  have  to  provide  very  high  acceleration 
gradients  (6-8  MV/m)  that  are  limited  by  the  maximum 
magnetic  fields  tolerable  inside  the  structure  without 
quenching.  To  ensure  reliable  operation  a  design  was 
chosen  that  limits  the  magnetic  field  to  80  mT  in  normal 
operation.  The  given  acceleration  gradient  corresponds  to 
8  MV/m  and  will  result  in  an  average  energy  gain  per 
resonator  of  slightly  more  than  1  MeV.  The  calculated 
distribution  of  the  magnetic  field  in  the  resonator  is 
shown  in  figure  2. 

In  close  co-operation  with  industry,  concepts  for  the 
manufacturing  of  such  resonators  have  been  developed. 
As  no  precedent  for  this  type  of  rf-resonator  exists,  two 
companies  have  been  selected  to  manufacture  one  proto¬ 
type  each.  They  use  different  manufacturing  techniques 
for  the  critical  80  mT  region,  which  ultimately  will 
determine  the  performance.  The  final  decision  for  the  type 
of  resonator  to  be  used  depends  on  the  outcome  of 
performance  tests. 

One  of  the  cleaning  ports  at  the  resonator  is  used  for  rf- 
coupHng.  The  coupler  design  has  been  developed  in  our 
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institute  and  the  manufacturing  of  a  prototype  is  in 
progress.  The  design  takes  into  account  the  pulsed 
operation  of  the  linac  and  tries  to  minimize  cryogenic 
losses  for  this  operational  mode.  The  coupling  strength 
can  be  adjusted  for  the  acceleration  of  ions  or  rf- 
conditioning  of  the  resonators.  Each  resonator  will  be 
driven  individually  in  amplitude  and  phase  by  a 
commercial  pulsed  4  kW  solid  state  amplifier.  A 
prototype  of  this  amplifier  has  been  successfully  tested. 


Figure  2:  The  magnetic  field  distributuion  computed 
inside  the  cavity  of  the  half-wave  resonator.  Sections 
perpendicular  to  (left)  and  in  beam  direction  are  shown 
-with  details  of  the  most  critical  regions  as  indicated. 

It  is  well  known  that  superconducting  resonators  are 
very  susceptible  to  microphonics  due  to  their  extremely 
narrow  resonance  curve.  The  mechanical  vibration  modes 
of  the  resonator  have  been  studied  with  extensive 
simulations  to  arrive  at  a  design  with  the  necessary  rf- 
stability  for  acceleration. 

Another  great  concern  in  high  performance  super¬ 
conducting  acceleration  resonators  for  pulsed  operation  is 
the  Lorentz  force  detuning.  This  effect  becomes  relevant 
as  a  result  of  the  extremely  high  gradients  reached  inside 
such  cavities,  leading  to  a  sizeable  mechanical  wall 
deformation  and  hence  to  a  change  of  the  resonance 
frequency  well  outside  the  allowed  bandwidth.  This 
change  is  proportional  to  the  square  of  the  peak  rf- 
amplitude  and  has  to  be  minimized  by  a  careful  choice  of 
the  structure.  An  extensive  analysis  has  been  carried  out 
to  establish  the  magnitude  of  this  effect  for  the  chosen 
design  and  for  making  appropriate  design  optimizations. 
The  remaining  detuning  effect  will  be  dealt  with  by  a 
sophisticated  adaptive  feed-forward  control  system  that 
employs  piezo-actuators  counteracting  the  deformation. 

Also  the  development  of  an  optimized  cryostat  is  an 
issue  of  great  concern  as  it  affects  to  a  high  degree  the 
operating  costs  of  a  superconducting  injector.  For  a 
pulsed  machine  static  losses  and  dynamic  losses  have  to 
be  carefully  balanced.  A  further  limitation  exists  in  terms 
of  the  cryostat  size,  as  the  unit  cell  length  may  not  exceed 
1.7  m.  This  constraint  is  a  consequence  of  the  beam 
behaviour  that  can  be  expected  from  extensive  beam 
dynamics  simulation  results.  Protons  and  deuterons  must 


move  on  stable  trajectories  in  the  required  phase  space 
during  the  entire  acceleration  process. 

To  conform  to  space  requirements  and  at  the  same  time 
keep  thermal  losses  low,  a  design  was  developed  for  the 
cold-warm  junctions  of  the  beam  ports  of  the  cryostat, 
which  had  only  a  length  of  60  mm.  The  calculated 
cryogenic  loss  of  such  a  junction  is  only  around  0.1  W. 
Figure  3  shows  the  results  of  the  calculated  thprmal 
energy  flow  for  such  a  cold-warm  junction. 


Beam  pipe  at  300  K  Shielding  at  60  K  Resonator  (simplified)  at  4  K 


®  «0  800  1200  1600  W/m» 

Figure  3:  Calculated  thermal  energy  flow  for  a  cold- warm 
junction  of  the  cryostat  taking  into  account  heat  radiation 
and  thermal  conduction  [4]. 


OUTLOOK 

At  the  very  end  of  the  year  2002,  due  to  unprecedented 
budget  cuts  inposed  by  the  Federal  Government,  the 
Board  of  Directors  of  the  Forschungszentrum  Julich  has 
been  left  with  no  other  choice  but  suspending  the  COSY- 
SCL  project  for  at  least  two  years.  However,  prototype 
work  may  proceed  and  first  results  can  be  expected  during 
2003/2004.  The  conviction  that  this  new  injector  linac 
will  be  an  important  scientific  gain  for  the  COSY 
accelerator  facility  has  not  been  diminished  by  this 
decision. 
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THE  ISAC-II  UPGRADE  AT  TRIUMF  -  PROGRESS  AND 

DEVELOPMENTS 


R.E.  Laxdal,  G.  Clark,  G.  Dutto,  K.  Fong,  A.  Mitra,  Z.H.  Peng,  R.  Poirier,  W.  Rawnsley,  T.  Ries, 
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Abstract 

TRIUMF  is  proceeding  with  a  major  upgrade  to  the 
IS  AC  project,  ISAC-II,  that  includes  the  addition  of  43  MV 
of  heavy  ion  superconducting  linear  accelerator  and  an 
ECR  charge  state  booster.  An  initial  installation  of  18  MV 
of  mid  beta  cavities  (/?  =  5.8%,  7.1%)  is  due  for  com¬ 
missioning  in  2005.  The  paper  will  describe  the  supercon¬ 
ducting  linac  program  at  TRIUMF  including  the  status  of 
the  production  cavities,  the  design  of  the  medium  beta  cry- 
omodule  and  a  summary  of  the  activities  of  the  SCRF  lab¬ 
oratory. 


Stage  2 


E.6.5MeV/u  (A/,.7) 


■IKtC-OC] - »i^HEBT1-E«p.| 


Figure  1;  Stages  0, 1  and  2  for  the  ISAC-II  upgrade. 


1  INTRODUCTION 

TRIUMF  is  now  constmcting  an  extension  to  the  ISAC 
facility,  ISAC-II,  [1],  to  permit  acceleration  of  radioactive 
ion  beams  up  to  energies  of  at  least  6.5  MeV/u  for  masses 
up  to  150.  In  brief  the  proposed  acceleration  scheme  would 
use  the  existing  ISAC  RFQ  (£  =  150  keV/u)  with  the  ad¬ 
dition  of  an  ECR  charge  state  booster  to  achieve  the  re¬ 
quired  mass  to  charge  ratio  {A/q  <  30)  for  masses  up  to 
150.  A  new  room  temperature  IH-DTL  would  accelerate 
the  beam  from  the  RFQ  to  400  keV/u  followed  by  a  post¬ 
stripper  heavy  ion  superconducting  linac  designed  to  accel¬ 
erate  ions  of  A/q  <  7  to  the  final  energy. 

The  superconducting  linac  is  composed  of  two-gap,  bulk 
niobium,  quarter  wave  if  cavities,  for  acceleration,  and  su¬ 
perconducting  solenoids,  for  periodic  transverse  focussing, 
housed  in  several  cryomodules.  The  linac  is  grouped  into 
low,  medium  and  high  beta  sections  corresponding  to  cav¬ 
ities  with  design  velocities  of /?<,  =  4.2%,  (So  =  5.7, 7.1% 
and  po  =  10.4%  respectively.  The  eight  low  beta  cavities 
are  housed  in  one  long  cryomodule  with  three  solenoids  in¬ 
terspersed  between  cavities.  The  twenty  medium  beta  cavi¬ 
ties  are  installed  four  per  cryomodule  in  a  total  of  five  mod¬ 
ules.  Twenty  high  beta  cavities  are  divided  into  two  mod¬ 
ules  of  six  cavities  and  one  module  of  eight  cavities.  Each 
of  the  medium  and  high  beta  cryomodules  are  equiped  with 
one  solenoid  each. 

Due  to  experimental  pressure  and  budget  limitations  the 
installation  of  the  linac  has  been  grouped  into  three  stages 
highlighted  in  Fig.  1.  The  initial  Stage  0  to  be  completed 
in  2005  includes  the  installation  of  a  transfer  line  from  the 
ISAC  DTL  (E  =  1.5  MeV/u)  and  the  medium  beta  section 
to  produce  18  MV  of  accelerating  voltage  for  initial  exper¬ 
iments.  Stage  1  to  be  completed  two  years  later  includes 
the  installation  of  the  three  high  beta  modules  for  a  further 
18  MV.  The  ISAC-II  accelerator  final  Stage  2  is  foreseen 
for  2010.  The  final  energies  expected  for  each  stage  are 
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summarized  in  Fig.  2  with  and  without  the  inelusion  of  a 
secondary  stripper  before  the  medium  beta  section. 


Figure  2:  Final  ion  energy  for  Stages  0,  1  and  2. 

A  new  building  complete  with  linac  vault,  experimental 
areas,  office  and  laboratory  is  now  complete.  Present  stud¬ 
ies  are  concentrating  on  design  and  development  for  the 
first  stage  installation. 

2  BEAM  DYNAMICS 

Beam  dynamics  studies  with  realistic  fields  were  done 
to  optimize  the  high  beta  cavity  design.  Two  eavity  vari¬ 
ants  are  considered..  One  variant  has  identical  transverse 
dimensions  to  the  medium  beta  cavity  but  is  designed  as  a 
141  MHz  cavity  by  shortening  the  overall  length.  In  the 
other  variant  the  cavity  frequency  is  kept  at  106  MHz  but 
the  cavity  transverse  dimensions  are  scaled  to  increase  the 
beta  from  7.1%  to  10.4%.  The  quadrupole  asymmetry  in 
the  accelerating  fields  [2]  is  somewhat  larger  in  the  high 
frequency  case  by  virtue  of  the  smaller  inner  conductor. 
A  summary  of  the  beam  dynamics  calculations  is  given 
in  Fig.  3.  The  reduced  quadmpole  asymmetry  in  the  low 
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frequency  cavity  results  in  less  asymmetry  in  the  trans¬ 
verse  envelope.  However  the  transverse  emittance  is  only 
marginally  better. 


Figure  3:  The  transverse  beam  envelopes  and  the  transverse 
and  longitudinal  emittances  as  a  function  of  longitudinal 
position  along  the  medium  and  high  beta  sections  for  (a) 
the  140MHz  high  beta  variant  and  (b)  the  106  MHz  vari¬ 
ant.  In  each  case  a  single  charge  state  beam  with  initial 
emittance  of  1.87rmm-mr  and  127rkeV/u-ns  (ten  times  the 
expected  emittances)  is  simulated.  The  large  beam  is  used 
to  characterize  differences  in  the  effective  dynamic  aper¬ 
ture  of  the  two  variants.  Also  shown  is  a  multi-charge  beam 
(AQ/ Q  =  ±5%)  with  initial  emittances  of  0.37rmm-mr 
and  2.7rkeV/u-ns. 


3  HARDWARE  AND  DEVELOPMENT 

Work  is  ongoing  on  several  fronts  with  the  goal  of  real¬ 
izing  beam  delivery  in  2005.  The  first  major  milestone  is 
the  cold  test  of  a  completed  medium  beta  cryomodule  in 
late  2003.  An  SCRF  lab  is  set  up  in  a  neighbouring  facility 
where  cold  tests  are  on-going  at  the  rate  of  one  per  month. 
A  summary  of  the  present  developments  are  given  below. 

3. 1  Superconducting  RF  Systems 

The  ISAC-II  medium  beta  design  gradient  is  6  MV/m 
giving  a  stored  energy  of  (/„  =  3.2  J.  The  natural  band¬ 
width  of  ±0.1  Hz  is  broadened  by  overcoupling.  The  re¬ 
quired  forward  power  on  resonance  is  given  by  Pf(W)  ~ 
■kUoA/i  for  overcoupled  systems.  The  goal  for  the  ISAC- 
II  cavity  tuner  is  to  achieve  fine  (1  Hz)  tuning  capability 
with  a  response  time  to  control  fast  helium  pressure  fluc¬ 
tuations  allowing  stable  operation  within  a  bandwidth  of 
A/i  =20  Hz.  This  requires  an  rf  system  capable  of  deliv¬ 
ering  Pf  =  200  W  at  the  cavity.  A  set  of  four  rack  mounted 
1  kW  amplifiers  with  built  in  circulator  and  common  driver 
supply  have  been  acquired  for  the  prototype  cryomodule 
test  for  evaluation. 


Rf  Controls  The  RF  Control  system  [3]  for  the  su¬ 
perconducting  cavities  is  a  hybrid  analogue/digital  system. 
Each  system  consists  of  a  self-excited  feedback  loop  with 
phase-locked  loops  for  phase  and  frequency  stabilization. 
Amplitude  and  phase  regulations,  as  well  as  tuning  con¬ 
trol,  are  performed  using  digital  signal  processors.  Special 
pulsing  circuitry  is  incorporated  into  the  system  to  facilitate 
‘punching’  through  multipactoring.  We  have  demonstrated 
fixed  amplitude  and  phase  regulation  at  the  design  gradient 
with  the  phase  error  used  to  drive  the  mechanical  tuner  to 
maintain  cavity  frequency. 

LN2  Cooled  Coupling  Loop  Initial  cavity  studies  at 
TRIUMF  were  done  with  a  coupling  loop  designed  at 
INFN-Legnaro  suitable  for  operation  with  lower  gradients 
and  lower  forward  power.  Tests  at  higher  power  indicate  an 
unacceptably  large  amount  of  power  is  deposited  at  4  °K.  A 
new  coupler  is  being  developed  with  the  goal  to  reduce  the 
helium  load  to  no  more  than  1  W  at  the  design  gradient  of 
6  MV/m  with  Pj  =  200  W.  The  coupler  has  a  stainless 
steel  body  for  thermal  isolation  and  a  copper  outer  conduc¬ 
tor  and  rf  feed  line  cooled  with  LN2. 

’Dining  Plate  The  tuning  plate  consists  of  1  mm  thick 
RRR  Niobium  sheet  of  240  mm  diameter  fixed  to  the  bot¬ 
tom  Niobium  flange.  To  increase  flexibility  the  plate  is 
spun  with  a  single  ‘oil-can’  convolution  and  milled  with 
eight  radial  1  mm  slots.  The  performance  of  the  slotted 
plate  compares  well  to  flat  plate  performance  in  rf  cold 
tests  (see  Fig.  4).  The  plate  is  capable  of  allowing  ±20kHz 
(±3  mm)  of  tuning  range. 


Figure  4:  RF  cold  test  results  comparing  cavity  perfor¬ 
mance  with  a  flat  tuner  plate  and  the  new  slotted  plate. 

Mechanical  Diner  A  prototype  mechanical  tuner[4]  is 
now  being  tested.  The  tuning  plate  is  actuated  by  a  verti¬ 
cally  mounted  permanent  magnet  linear  servo  motor,  at  the 
top  of  the  cryostat,  using  a  ‘zero  backlash’  lever  and  push 
rod  configuration  through  a  bellows  feed-through.  The 
system  resolution  at  the  tuner  plate  center  is  ~  0.055/jm 
(0.3  Hz).  The  demonstrated  djmamic  and  coarse  range  of 
the  tuner  are  ±4  kHz  and  33  kHz  respectively.  The  tuner 
on-line  performance  is  measured  by  altering  the  cavity  fre¬ 
quency  by  forced  variations  of  the  helium  pressure.  'The 
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tuner  responds  accurately  to  the  pressure  variation  with 
a  resolution  better  than  0.1/im  (0.6  Hz)[4].  The  demon¬ 
strated  response  bandwidth  is  presently  limited  to  20  Hz 
by  a  mechanical  resonance. 

Cavities  A  prototype  of  the  /3o  =  7.1%  cavity  de¬ 
signed  in  a  collaWation  with  INFN-LNL,  is  routinely  used 
for  SCRF  development  tests.  The  niobium  sub-assemblies 
of  the  twenty  cavities  of  the  medium  beta  section  composed 
of  eight  Po  =  5.7%  and  twelve  /3o  =  7.1%  cavities,  are  be¬ 
ing  fabricated  in  industry  for  completion  in  Aug.  2003.  We 
have  taken  receipt  of  an  initial  series  of  four  of  the  7.1% 
cavities  after  chemical  polishing  at  CERN.  The  cavities  are 
being  outfitted  with  stainless  steel  damper  assemblies  and 
pre-cool  tubes  in  preparation  for  rf  tests  to  begin  later  this 
month. 

3.2  Medium  Beta  Cryomodule 

A  prototype  of  the  medium  beta  cryomodule  Fig.  5,  is 
now  in  the  detail  design  and  fabrication  phase.  The  vac¬ 
uum  tank  consists  of  a  stainless  steel  rectangular  box  and 
lid.  All  services  and  feedthroughs  are  located  on  the  lid. 
Copper  sheet  cooled  with  ~  36  m  of  LN2  piping  serve  as 
a  heat  shield.  Cavities  and  solenoids  are  suspended  from  a 
common  support  frame  itself  suspended  from  the  tank  lid. 
Pre-cool  of  components  is  done  by  delivering  cold  helium 
vapour  to  the  bottom  of  each  major  component  through  a 
supply  manifold  and  3/16”  OD  stainless  steel  tubing  inter¬ 
nal  to  the  helium  reservoir.  Magnetic  shielding  in  the  form 
of  high  jtt  sheet  is  suspended  between  the  warm  wall  and  the 
cold  shield.  Thin  diagnostic  boxes  are  positioned  at  waists 
in  the  transverse  envelopes  between  cryomodules. 


Figure  5:  The  ISAC-II  prototype  medium  beta  cryomodule. 

Solenoids  Focusing  in  the  SC  LINAC  is  provided  by  9 
Tesla  26  mm  diameter  bore  SC  solenoids  of  lengths  16, 34 
and  45  cm  corresponding  to  the  low,  medium  and  high  beta 
cryomodules  respectively.  The  solenoids  are  equiped  with 
bucking  coils  to  actively  limit  the  fringe  field  in  adjacent 
cavities  to  less  than  0.1  T  to  prevent  reduction  in  cavity 


performance.  The  magnets  are  mounted  in  a  liquid  Helium 
vessel  fed  from  the  common  Helium  header.  An  order  for 
five  medium  beta  and  two  high  beta  solenoids  placed  in 
industry  has  been  delayed  as  the  company  has  gone  into 
receivership.  The  prototype  magnet  was  obtained  from  the 
company  and  will  be  completed  and  tested  at  TRIUMF.  A 
contract  for  the  remaining  seven  magnets  has  just  been  let 
with  another  supplier. 

Alignment  The  cavities  must  be  aligned  to  within  0.4 
mm  and  the  solenoid  to  0.2  mm.  TRIUMF  is  developing 
a  stretched  wire  alignment  system  based  on  the  TESLA 
design[5].  Wire  position  monitors  (WPM),  each  consisting 
of  four  striplines  are  attached  to  the  cavities  and  solenoid 
by  off-center  alignment  jigs.  A  wire  mnning  parallel  to 
the  beam  axis  and  through  the  monitors  carries  an  rf  signal 
at  215  MHz.  A  Bergoz  BPM  card  converts  the  rf  signals 
from  one  monitor  into  DC  X  and  Y  signals  while  a  multi¬ 
plexer  with  GaAs  switches  scans  through  the  monitors.  A 
National  Instruments  ADC  and  1/6  card  controls  the  mul¬ 
tiplexer  and  reads  the  DC  signals. 

3.3  Charge  State  Booster 

A  14  GHz  Phoenix  source  charge  state  booster  is  being 
assembled  on  a  test  stand  at  TRIUMF.  The  test  stand  in¬ 
cludes  an  existing  1+  ion  source,  beam-line  optics,  diag¬ 
nostics  for  measuring  conversion  efficiency  and  emittance 
and  an  analyzing  magnet.  Development  will  begin  in  Sept, 
and  last  for  one  year  before  the  CSB  will  be  installed  in  the 
low  energy  beam  line  upstream  of  the  RFQ  for  commis¬ 
sioning  and  production. 

3.4  Refrigeration 

The  ISAC-Il  refrigeration  system  is  now  specified  for 
tender.  An  order  for  the  first  phase  will  be  awarded  in  June 
2003  for  commissioning  by  the  end  of  2004.  A  second 
equivalent  order  to  cover  the  staged  installation  of  ISAC- 
II  is  expected  in  about  three  years.  Each  phase  calls  for 
a  500  W  class  machine.  Assuming  an  active  rf  load  of 
8  W/cavity  (7  W  rf  surfaces,  1  W  coupling  loop)  the  ex¬ 
pected  linac  load  at  4.5  K  exclusive  of  transfer  lines  is 
290  W.  The  peak  liquification  required  for  a  cryomodule 
cool  down  and  fill  of  duration  six  hours  is  ~  5.2  gm/sec. 
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2  MW  UPGRADE  OF  THE  FERMILAB  MAIN  INJECTOR* 

W.  Chou''  for  the  Proton  Driver  Study  II  Group,  FNAL,  Batavia,  IL  60510,  USA 


Abstract 

In  January  2002,  the  Feimilab  Director  initiated  a 
design  study  for  a  high  average  power,  modest  energy 
proton  facility.  An  intensity  upgrade  to  Fermilab's  120- 
GeV  Main  Injector  (MI)  represents  an  attractive  concept 
for  such  a  facility,  which  would  leverage  existing  beam 
lines  and  experimental  areas  and  would  greatly  enhance 
physics  opportunities  at  Fermilab  and  in  the  U.S.  With  a 
Proton  Driver  replacing  the  present  Booster,  the  beam 
intensity  of  the  MI  is  expected  to  be  increased  by  a  factor 
of  five.  Accompanied  by  a  shorter  cycle,  the  beam  power 
would  reach  2  MW.  This  would  make  the  MI  a  more 
powerful  machine  than  the  SNS  or  the  J-PARC. 
Moreover,  the  high  beam  energy  (120  GeV)  and  tunable 
energy  range  (8-120  GeV)  would  make  it  a  unique  high 
power  proton  facility.  The  upgrade  study  has  been 
completed  and  published  [1].  This  paper  gives  a  summary 
report. 

INTRODUCTION 

On  January  10,  2002,  the  Fermilab  Director  issued  a 
charge  requesting  a  design  report  that  would  consist  of 
three  parts: 

•  An  8  GeV  linac  based  Proton  Driver; 

•  An  8  GeV  synchrotron  based  Proton  Driver; 

•  A  2  MW  upgrade  of  the  Main  Inj  ector. 

About  2/3  of  the  report  has' been  completed  and  published 
[1].  This  paper  is  a  summary  of  the  MI  upgrade  part.  For 
details  the  readers  are  referred  to  Part  B  of  Ref.  [1]. 

In  the  present  Fermilab  accelerator  complex,  which 
consists  of  two  straight  machines,  six  rings  and  a  number 
of  beam  lines,  the  bottleneck  that  limits  the  beam  intensity 
is  the  Booster.  It  is  a  30-year-old  machine  and  has  never 
been  upgraded.  The  machines  on  both  sides  of  the  Booster 
-  the  Linac  in  the  upstream  and  the  Main  Injector  in  the 
downstream  —  can  deliver  or  receive  more  particles  than 
they  do  now.  However,  the  number  of  protons  per  cycle 
from  the  Booster  is  limited  to  about  5  x  lO’^.  Otherwise 
the  beam  loss  would  become  prohibitive.  When  the 
Booster  is  replaced  by  a  new  machine,  dubbed  the  Proton 
Driver,  this  bottleneck  would  be  eliminated.  Consequently 
the  beam  intensity  in  the  Main  Injector  would  be  greatly 
increased. 

UPGRADE  GOALS 

The  goals  of  this  upgrade  study  are  as  follows: 

•  Increase  beam  intensity  by  a  factor  of  5; 

•  Reduce  cycle  time  by  20%; 

•  Increase  beam  power  by  a  factor  of  6. 

The  main  parameters  are  listed  in  Table  1.  As  a 
comparison,  the  present  parameters  are  also  listed.  The 
extraction  energy  is  tunable  in  the  range  from  8  to  120 
GeV.  At  lower  energy,  the  cycle  time  will  be  shorter. 


Therefore,  the  beam  power  would  remain  about  the  same 
and  only  be  slightly  reduced  due  to  the  constant 
“overhead”  part  of  the  cyele  (e.g.,  injection  front  porch, 
parabola  at  the  beginning  of  the  acceleration,  flat  top,  and 
magnet  reset  at  the  end  of  the  cycle,  see  Fig.  4  below). 
The  MI  cycle  time  is  a  multiple  of  the  Booster  cycle, 
which  is  66.7  ms  (15  Hz).  To  accelerate  6  Booster  batches 
to  120  GeV  presently  takes  28  Booster  cycles.  This  would 
be  shortened  to  23  Booster  cycles  in  the  upgrade. 


Table  1 :  Main  Injector  Parameters 


Present 

Upgrade 

Injection  energy  (Ge'V) 

8 

8 

Extraction  energy  (GeV) 

120 

8-120 

Protons  per  MI  cycle  (10'^) 

3 

15 

Cycle  time  at  120  GeV  (s) 

1.867 

1.533 

Beam  power  (MW) 

0.3 

1.9 

BEAM  DYNAMICS  ISSUES 

Transition  Crossing 

One  main  concern  is  possible  particle  loss  and 
emittance  dilution  when  an  intense  proton  beam  crosses 
the  transition,  which  occurs  at  y  =  Yr  =  21.6.  A  series  of 
simulations  using  the  code  ESME  were  carried  out.  It 
seemed  that  with  a  Yr-junip  system,  which  will  be 
described  below,  this  problem  can  be  resolved.  Figure  1 
shows  two  cases  of  a  proton  bunch  after  the  transition, 
one  without  and  another  with  Yt-jump.  The  latter  fit  well 
in  the  RF  bucket  and  has  no  losses. 
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Figure  1:  ESME  simulation  of  a  proton  bunch  in  the 
longitudinal  phase  space  after  the  transition.  Left:  without 
Yr-jump.  Right:  with  Yr-jump. 

Space  Charge  and  Beam  Stability 

The  coherent  and  incoherent  betatron  tune  shift  from 
space  charge  and  image  charge  forces  throughout  the 
cycle  were  computed.  The  single  bunch  longitudinal 
microwave  instability  was  also  calculated  using  the  Keil- 
Schnell  criterion.  The  results  are  shown  in  Fig.  2.  The 
tune  shift  (maximum  <  -0.2)  is  tolerable.  The  MI 
impedance  budget  Z||/n  is  1.6  ohm  [2],  which  is  below  the 
instability  threshold  except  during  the  transition  crossing, 
which  will  be  taken  care  of  by  Yr-jump.  Therefore,  they 
should  not  be  major  concerns. 
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Figure  2:  Left;  Betatron  tune  shift  during  the  cycle.  Right: 
Instability  limit  during  the  cycle;  the  lowest  point  is  at 
transition  crossing. 

TECHNICAL  SYSTEMS  UPGRADE 

In  order  for  the  Main  Injector  to  operate  at  2  MW,  most 
of  the  technical  systems  need  to  be  upgraded.  Some  of 
these  upgrades  are  major,  some  moderate.  Here  is  an 
overview. 

RF  System 

To  accelerate  5  times  more  particles  in  a  shorter  period, 
the  RF  system  requires  a  major  upgrade.  The  number  of 
cavities  needs  to  be  increased  from  1 8  to  22.  The  number 
of  power  amplifier  of  each  cavity  also  needs  to  be 
doubled  from  one  to  two,  each  capable  of  supplying 
approximately  400  kW  of  peak  RF  power.  The  second 
power  amplifier  will  be  installed  in  place  of  the  existing 
cavity  balancing  top  hat  capacitor,  as  shown  in  Fig.  3. 


Figure  3:  Twin  power  amplifiers  on  an  RF  cavity. 


Magnet 

The  MI  magnets  will  function  adequately  in  the 
upgrade  and  modifications  are  unnecessary. 

Power  Supplies 

A  shorter  cycle  requires  an  increase  of  the  maximum 
ramp  rate  from  240  GeV/s  to  305  GeV/s.  A  modest 
upgrade  is  needed.  Fig.  4  shows  the  voltage  and  current 
for  a  1.5  sec  cycle. 


Figure  4:  Magnet  power  supply  voltage  (green)  and 
current  (red). 

Large  Aperture  Quadrupoles 

In  the  Main  Injector,  a  physical  aperture  bottleneck  is  at 
the  quadrupoles  upstream  of  the  Lambertson  magnets  in 
several  straight  sections:  MI  10,  30,  40,  52,  60  and  62.  In 
order  to  reduce  beam  loss  at  these  locations,  large  aperture 
quads  need  to  be  installed  replacing  the  regular  quads. 
The  aperture  will  be  increased  from  83.48  mm  to  102.24 
mm,  i.e.,  4  inches. 

Gamma-t  Jump  System 

Presently  there  is  no  Yi-jump  system  in  the  machine. 
But  this  system  will  be  necessary  in  the  upgrade.  A 
description  of  this  system  can  be  found  in  Ref.  [3].  It  is  a 
so-called  first  order  jump  system,  making  use  of  the  zero- 
dispersion  straight  sections.  Its  main  advantage  is  small 
and  localized  perturbation  to  the  lattice  when  the  Yr-jump 
quads  are  activated.  The  system  consists  of  8  sets  of 
pulsed  quadrupole  triplets.  Each  triplet  has  two  quads  in 
the  arc  and  one  of  twice  integrated  strength  in  the  straight 
section,  with  a  phase  advance  of  7i  between  each 
quadrupole.  The  power  supply  uses  a  GTO  as  the  fast 
switch  and  a  resonant  circuit  with  a  1  kHz  resonant 
frequency.  The  beam  pipe  is  made  of  Inconel  718. 

This  system  can  provide  a  AYt  from  +1  to  -1  within  0.5 
ms.  It  gives  a  jump  rate  of  4000  1/s,  about  17  times  faster 
than  the  normal  ramp  rate.  Fig.  5  shows  the  quad  current 
during  the  jump.  The  amplitude  is  adjustable.  Fig.  6 
shows  the  layout  of  the  8  triplets  around  the  ring. 


Figure  5:  Magnet  current  of  the  pulsed  Yr-jurnp  quads. 
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Passive  damper  and  active  feedback 

To  suppress  coupled  bunch  instabilities,  both  a  passive 
damper  and  active  feedback  are  needed.  The  former 
places  nonlinear  lossy  materials  (e.g.,  a  special  ferrite  of 
which  the  loss  parameter  p,”  is  frequency  dependent)  in 
the  RF  cavity  to  damp  the  higher  order  modes  (HOMs) 
while  leaving  the  fundamental  mode  unaffected.  The 
present  longitudinal  and  transverse  feedback  systems  can 
be  used  but  need  improvement. 


Mechanical  and  Utility 


Figure  6:  Layout  of  8  Yj-jump  triplets.  Green  indicates  the 
arcs,  white  the  straight  sections. 

Radiation  Shielding  and  Collimation 

The  shielding  of  the  MI  appears  to  be  adequate  for  the 
upgrade.  However,  a  collimation  system  is  required  in 
order  to  minimize  the  uncontrolled  beam  loss  in  the 
machine  for  reducing  residual  radioactivity  so  that  hands- 
on  maintenance  can  be  performed.  This  system  will  be 
installed  in  MI  30.  Fig.  7  illustrates  a  collimator. 


Figure  7;  Secondary  collimator  cross-section. 

Kickers 

The  MI  beam  pipe  has  a  vertical  aperture  of  2-inch 
everywhere  except  at  the  kickers,  which  is  1.3-inch.  In 
order  to  eliminate  this  bottleneck,  the  kicker  aperture  will 
be  enlarged.  Some  kicker  magnets  also  need  to  be  rebuilt. 

Abort  System 

With  a  modest  upgrade,  the  present  beam  dump  at  MI 
40  can  absorb  five  times  more  protons.  Fig.  8  shows  the 
temperature  rise  of  the  abort  dump. 


The  cooling  capacity  for  magnets  and  power  supplies 
appears  to  be  sufficient  in  this  upgrade.  But  the  cooling 
system  capacity  for  the  RF  system  and  cavities  need  to  be 
doubled. 

NuMI  Beam  Line 

A  $11 OM  beam  line  for  the  neutrino  experiment  NuMI 
is  under  construction  at  Fermilab.  It  will  use  the  protons 
from  the  MI.  An  upgraded  MI  would  greatly  enhance  the 
physics  potential  of  NuMI.  To  cope  with  2  MW  beam 
power,  the  shielding  and  cooling  in  the  target  hall,  decay 
pipe  and  hadron  absorber  need  to  be  upgraded.  The 
ground  water  problem  is  a  concern  but  there  is  a 
reasonable  solution  (see  Ch.  21  of  Ref.  [1]). 

COST  ESTIMATE 

The  cost  estimate  was  done  using  a  bottom-up  method. 
Namely,  the  cost  of  each  system  upgrade  was  estimated 
by  the  engineers  in  the  corresponding  departments.  The 
total  upgrade  cost  is  about  $36  M,  including  EDIA. 

There  are  two  possible  ways  to  implement  the  MI 
upgrade.  It  can  be  done  as  a  single  “all-included” 
Fermilab  project.  Or  the  upgrade  can  be  accomplished 
through  a  series  of  accelerator  improvement  projects 
(AIPs). 
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Figure  8:  Maximum  instantaneous  temperature  on  tl 
beam  axis  in  the  abort  dump  simulated  by  MARS. 
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Abstract 

The  Machine  Proteetion  System  Requirements  for  a 
number  of  accelerators  have  been  reviewed.  The  specific 
requirements  vary  depending  on  the  type  of  machine, 
beam  power,  pulse  length,  etc.  Some  system  concepts  are 
common  to  a  number  of  accelerators  and  these  systems 
will  be  discussed.  The  Machine  Protection  System  (MPS) 
must  protect  beam  apertures  and  insertable  devices  from 
damage,  minimize  radiation  produced  by  the  beam 
(ALARA)  for  hands  on  maintenance,  and  shut  down  the 
beam  when  beam-on-target  parameters  drift  outside 
specifications.  MPS  systems  should  be  used  as  an 
Accelerator  diagnostic.  MPS  can  trigger  data  acquisition 
when  a  fault  occurs,  and  start  post  mortem  applications 
automatically.  Tight  integration  with  timing  and  other 
systems  allows  automatic  recovery  from  beam  faults. 

*  SNS  is  managed  by  UT-Battelle,  LLC,  under  contract 
DE-AC05-00OR22725  for  the  U.S.  Department  of  Energy 

INTRODUCTION 

Machine  protection  systems  have  evolved  from  simple 
interlock  systems  to  complex  systems  combining  slow 
interlocks,  fast  interlocks  to  inhibit  beam  or  trigger  abort 
sequences,  and  sequences  for  automatically  returning  the 
accelerator  to  normal  operation.  MPS  has  to  be  fully 
integrated  with  global  timing  systems,  adjacent  MPS 
systems,  beam  diagnostics  systems,  RF  systems,  Control 
Systems,  and  others.  Additionally,  most  new  systems 
involve  post  mortem  analysis  to  help  sift  through 
Gigab)ftes  of  data  and  pinpoint  the  cause  of  a  failure  or 
cause  of  drifting  beam  optics.  High  availability 
requirements,  over  95%  for  SNS,  dictate  automation  of 
recovery  processes  after  an  MPS  fault. 

In  this  paper  we  will  discuss  the  role  of  MPS  in; 

1.  Protecting  the  Machine 

2.  Protecting  the  Beam 

3.  Providing  the  Evidence 

4.  High  Power  Target  protection;  and 

5.  Assisting  operations 

PROTECT  THE  MACHINE 

New  accelerator  facilities  will  have  unprecedented 
beam  power  and  beam  power  densities.  The  challenges 
presented  depend  on  accelerator  type,  particle  type,  peak 
currents,  maximum  beam  energy,  etc.  Spallation  sources 
mn  loss-limited  with  high  peak  and  average  current  on 
target.  Linear  colliders  have  very  high  current  densities 
where  a  single  errant  pulse  can  cause  considerable 
damage.  Large  hadron  colliders  have  large  stored  energies 
in  both  beam  and  superconducting  systems,  both  of  which 
can  damage  beamline  components  and  superconducting 


magnets.  X-ray  machines  can  damage  the  vacuum  system 
by  slight  misalignments  in  wigglers,  etc. 

SNS  will  run  in  a  loss-limited  mode.  Uncontrolled 
beam  loss  specifications  are  less  than  1  W/m,  or  10^. 
Collimation  systems  are  designed  to  intercept  beam  in  the 
linac  where  high  losses  are  expected,  or  for  halo  cleaning. 
The  total  uncontrolled  beam  loss  [2]  in  the  SNS 
accumulator  ring  is  compared  with  several  other  high 
current  rings  in  Table  1.  Some  rings  show  large  losses, 
but  the  injection  rates  are  slow  so  the  losses  are  allowable. 
At  PSR  the  0.3  %  becomes  significant  due  to  the  high- 
energy  injection  and  20  Hz  operation.  The  beam  loss  goal 
for  the  SNS  ring  is  very  low  at  0.01%  but  this  is  required 
for  hands-on  maintenance  and  availability  reasons. 

Table  1.  Comparison  of  several  rings,  energies,  peak 
currents,  and  beam  loss. 

(1)  Accumulator  rings,  others  are  Rapid  Cycling 
Synchrotrons 

(2)  Septum  injection.  Others  are  foil. 


Machine 

Einj 

Eext 

# 

Turns 

Typ 

Ppp 

Loss 

(%) 

ISIS 

70 

800 

300 

L6el3 

10 

PSR(l) 

800 

800 

2300 

3.1el3 

0.3 

KEK-PSB 

40 

500 

50 

2.0el2 

10 

FNAL-B 

400 

8000 

15 

2.0el2 

30 

AGS-B 

200 

1900 

200 

1.5el3 

28 

IPNS 

50 

450 

140 

3.0el2 

17 

CERN-PSB  (2) 

50 

1400 

15per 

ring 

1.0el3 

50 

SNS(l) 

1000 

1000 

1060 

1.5el4 

0.01 

Neutron  sources  such  as  SNS,  ISIS,  and  LANSCE  use 
H'  sources  to  produce  high-accumulated  beam  currents  to 
strike  a  target  in  a  short  amount  of  time.  SNS  for  instance 
aceelerates  1060  turns  at  peak  currents  up  to  38  ma.  The 
H'  ions  are  stripped  as  they  are  injected  into  the 
accumulator  ring,  building  up  to  50  Amps  peak. 
Extraction  kickers  are  fired  in  the  beam  gap  to  steer  the 
proton  beam  down  the  extraction  line  to  a  liquid  mercury 
target  to  produce  neutrons  through  spallation. 

Linear  colliders  require  very  small  beam  size  and  high 
peak  current  to  meet  luminosity  requirements.  A  single 
errant  pulse  will  cause  eomponent  damage  if  extracted 
from  the  damping  ring.  Recovery  from  faults  requires  the 
system  to  drop  back  in  state  and  use  pilot  pulses.  The 
systems  have  to  measure  pilot  beams  with  sufficient 
accuracy,  stability,  and  resolution  for  feedback  systems  to 
work  properly.  Pulse-to-pulse  monitoring  of  beam 
parameters  requires  control  system  latencies  much  less 
than  the  beam  repetition  rate.  Collimator  design  is  critical 
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to  intercept  the  high  power  pulsed  beam  [3].  Use  of  the 
control  system  to  monitor  the  properties  of  the  beam 
pulse-to-pulse  implies  the  control  system  is  a  “pulsed” 
control  system. 

Hadron  colliders  have  very  high  stored  energy  in  the 
beam  and  the  superconducting  magnets,  13  GJ  per  sector 
for  the  LHC  [4].  Beam  losses  can  cause  damage  due  to 
radiation  and  thermal  effects.  The  stored  energy  in  the 
beam  is  high  enough  to  damage  any  component  in  the 
ring  if  the  beam  is  not  cleanly  aborted.  Beam  abort 
systems  must  dump  the  beam  before  the  beam  trajectory 
changes  and  inhibit  beam  until  the  quench  completes  and 
the  magnetic  field  is  restored.  Recovery  from  beam 
dumps  can  take  a  couple  of  hours.  Recovery  from  magnet 
system  quenches  can  take  several  times  longer.  Light 
sources  also  have  high  currents  and  small  beams.  Besides 
damage  from  the  beam,  upwards  of  10  kW  in  the  x-ray 
beam  can  damage  the  vacuum  chambers.  Beam 
diagnostics  are  thus  required  to  monitor  the  e+/-  beam 
position  and  X-ray  beam.  At  the  APS  for  instance,  beam 
position  monitors  average  32  turns  of  beam  position  data 
on  a  tum-by-tum  basis  and  will  abort  the  bedm  in  300 
usee  by  disabling  ring  RF  if  measurements  indicate  beam 
position  errors. 

Fast  Machine  Protection  Inputs 

Beam  Diagnostics  are  the  main  input  to  fast  MPS 
systems.  Beam  loss  monitors  detect  beam  loss  that  can 
cause  radiation  and  thermal  damage  to  equipment  in  the 
beam  line  tunnels.  Component  damage  depends  on  the 
beam  energy,  beam  current,  and  current  density. 


Figure  2.  Time  to  reach  the  thermal  stress  limit  in  copper 
verses  beam  energy. 

For  SNS,  damage  will  occur  faster  at  lower  energies 
[5].  Figure  2  shows  the  time  to  reach  the  thermal  stress 
limit  for  copper  assuming  a,  =  Oy  =  0.2  cm,  I  =  36  ma,  J  = 
62  J/gm  (energy  density).  The  time  to  reach  the  thermal 
stress  limit  at  the  bragg  peak  is  quicker,  however  the  peak 
energy  deposition  depth  is  dependant  on  beam  energy  and 
quickly  goes  beyond  the  thickness  of  the  copper  walls. 

For  low  energy  beams,  differential  current 
measurements  are  desired  for  fast  beam  loss  detection  [6]. 
A  system  using  toroidal  transformers  was  designed  for  the 
Tesla  Test  facility  to  provide  a  fast  beam  shutoff  when  the 
average  loss  exceeds  0.8  pa  over  the  nominal  64  pa 
nominal  machine  current. 


CW  accelerators  such  as  CEBAF  [7]  use  beam  current 
monitors  for  beam  loss  detection  and  beam  current  limits. 
The  current  monitoring  system  provides  three  functions; 

1 .  Fault  if  beam  loss  exceeds  loss  limit. 

2.  Fault  if  current  exceeds  limit  for  an  experimental  hall. 

3.  Fault  if  current  exceeds  beam  off  threshold  for  multi 

end  station  operation. 

The  2"“*  generation  machine  protection  Beam  Current 
Monitor  /  Accounting  system  was  designed  specifically 
for  machine  protection. 

At  higher  beam  energies,  beam  loss  monitors  are 
preferred.  There  are  many  publications  available  [8]  on 
the  topic  of  beam  loss  monitors.  MPS  systems  typically 
receive  faults  from  peak  loss  (within  a  pulse),  integrated 
loss  for  a  pulse,  or  integrated  loss  over  many  injection 
cycles  or  turns.  Machines  such  as  SNS,  ISIS  and  ITF  run 
loss-limited  and  need  to  keep  losses  below  10  '*  for  hands 
on  maintenance.  Superconducting  accelerators  such  as  the 
LHC  will  be  affected  by  beam  loss  at  a  fraction  of  10  ®  of 
the  beam  [9].  Systems  like  the  LHC  use  loss  monitors  for 
protection  of  the  beam  as  well  as  protection  of  the 
machine.  A  beam  dump  due  to  a  quench  takes  much 
longer  to  recover  from  than  a  beam  abort  due  to  increased 
losses. 

Beam  Position  Monitors  (BPM)  are  crucial  for  MPS 
systems  in  storage  rings  and  linear  colliders.  Storage  rings 
average  beam  position  over  a  number  of  turns  to 
determine  if  the  closed  orbit  is  exceeding  some  threshold. 
Beam  abort  is  initiated  to  protect  ring  components  from 
damage,  or  vacuum  systems  from  damage  due  to  mis- 
steered  X-ray  beams.  In  new  collider  designs,  a  pilot 
beam  is  used  to  verify  beam  optics  for  full  power  beam. 
The  beam  position  monitors  must  have  sufficient 
sensitivity  to  monitor  these  low  intensity  beams  to 
accurately  predict  if  the  high  power  beam  will  be 
accelerated  without  damaging  beam  line  components. 

Machine  operation  and  commissioning  can  continue 
without  beam  diagnostics  however  MPS  function  could  be 
compromised.  Systems  that  will  be  used  for  MPS  should 
be  designed  with  those  goals  from  the  beginning.  Beam 
diagnostics  for  machine  protection  should  be  designed 
with  some  or  all  of  the  following  system  requirements, 
dependant  on  machine: 

•  Fail  Safe  Design,  detects  internal  faults,  cable 
connection  status,  power  supply  faults,  etc. 

•  Remote  self  test  and  calibration  capability, 
interpulse  test  functions  (Force  a  fault  between 
pulses) 

•  Controlled  access  to  threshold -settings 

•  Heartbeat  from  timing  system 

•  Machine  /  beam  mode  aware 

•  Circular  buffers,  waveforms  on  demand 

•  Pulse-to-pulse  or  tum-by-tum  (Deterministic) 

As  stated  before,  SNS  will  accumulate  1060  turns  in  the 
ring  before  extraction.  There  is  a  250  nsec  gap  in  the 
beam  to  allow  the  kicker  system  to  ramp  to  full  power. 
Any  beam  in  the  gap  will  be  uncontrolled  loss  in  the  ring 
and  extraction  line.  The  goal  is  to  keep  the  gap  clean  to 


Time  to  reach  thermal  stress  limit  on  surface 


Beam  Energy  (MeV) 
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less  than  1x10  '*  of  the  injected  current.  With  up  to  50 
amps  circulating,  this  is  a  measurement  range  of  greater 
than  1x10^  Several  methods  are  being  investigated.  A 
beam-in-gap  kicker  will  kick  beam  onto  a  collimator 
monitored  by  a  fast  loss  monitor.  A  new  technique  used  to 
monitor  low  currents  for  beam-in-gap  measurements  is 
the  laser  profile  monitor.  Figure  3  [10].  Electrons  are 
measured  on  a  collector  after  being  deflected  by  a  small 
dipole  magnet. 


A.  AO 

~2.e«inV 

SOKnv 


<1(11  Alttf*! 

6.287m\' 


Figure  3.  Beam-in-Gap  measurement  made  by  a  fast  laser 
pulse.  The  measurement  above  show  about  60  ua  of 
beam  measured  in  the  beam  tail.  Improvements  in  the 
amplifier  design  should  bring  the  resolution  below  the 
10*  level. 


Types  of  Machine  Protection 

A  survey  of  several  accelerators  of  different  types  show 
the  following  types  of  Machine  Protection  Systems  (not 
all  accelerators  have  all  the  systems)  are  implemented  or 
are  being  designed.  The  names  vary  depending  on  the 
facility.  Larger  accelerators  have  several  MPS  systems, 
one  per  machine  section.  These  need  to  be  integrated  with 
each  other  and  other  systems  at  a  high  level. 

1.  Average  Machine  Protection 

2.  Fast  Protect 

3.  Beam  Accounting 

4.  Maximum  Allowable  Intrapulse  Difference  (MAID) 
(and  prepulse) 


Average  Machine  Protection 

The  Average  Machine  Protection  uses  slow  inputs  from 
vacuum  systems,  power  supply  systems,  etc  for  slow 
interlock  inputs.  Faults  due  to  these  inputs  will  cause 
damage  due  to  mis-steering,  defocusing,  or  intercepting 
the  beam  and  the  beam  is  inhibited  until  the  fault  is 
cleared.  Systems  will  either  mask  these  types  of  inputs 
from  beam  lines  not  in  use  using  a  Machine  Mode 
indication,  or  the  various  beam  lines  are  a  subsystem  in 
themselves,  and  are  summed  in  a  master  MPS  system. 
Some  facilities  allow  masking  of  these  under  special 
circumstances,  such  as  machine  commissioning,  BPM 
studies,  beam-based  alignment,  etc.  Other  facilities  hard 
code  these  inputs  into  PLC  logic,  FPGA  logic  or  software 
and  require  repairs  before  the  machine  can  be  brought  on 
line. 

Fast  Protect  Systems 

Fast  Protect  systems  fall  into  three  categories,  turning 
off  the  beam  as  soon  as  possible,  prohibiting  beam  from 


being  injected  to  the  next  part  of  the  accelerator  or 
aborting  the  beam  from  a  storage  /  accumulator  ring.  For 
long  pulse  accelerators,  the  mechanism  is  turning  off  the 
source.  Electron  storage  rings  may  turn  off  the  ring  RF, 
allowing  the  beam  to  coast  inward  to  collimators  in  the 
ring  as  the  beam  loses  energy  due  to  synchrotron 
radiation.  Large  hadron  accelerators  use  fast,  high  reliable 
kicker  systems  to  kick  the  beam  out  of  the  ring  to  a  beam 
dump  designed  to  handle  the  high  power  in  the  beam. 
Linear  colliders  must  prevent  an  errant  pulse  from  being 
launched  into  the  accelerator,  as  an  errant  beam  will  cause 
damage  and  there  is  no  way  to  prevent  damage  once  the 
pulse  is  injected,  because  the  monitoring  signal  can  not 
catch  up  to  the  beam  and  abort  systems. 

SNS  has  two  fast  protect  systems.  Fast  Protect  Latched 
(FPL)  and  Fast  Protect  Auto  Reset  (FPAR).  The  hardware 
is  the  same;  the  FPGA  logic  is  slightly  different.  Both 
have  a  maximum  shutdown  time  of  20  usee,  although  it  is 
faster  closer  to  the  source  due  to  fewer  IC  propagation 
delays  and  shorter  cable  distances.  There  are  two  bypass 
mechanisms  for  the  MPS  hardware:  software  masks 
initiated  by  an  operator  (if  enabled  using  hardware 
jumpers)  and  beam/machine  mode  masking  through  the 
tinning  system.  Beam/machine  modes  are  broadcast  on  the 
Real  Time  Data  Link  (RTDL)  and  will  automatically 
bypass  certain  MPS  inputs  for  diagnostic  pulses  to  allow 
intrusive  diagnostics  to  operate  without  operator 
intervention.  The  mode  masks  are  downloaded  during 
initialization,  and  verified  periodically  during  operation. 
The  beam/machine  mode  is  encoded  three  ways  in  a  24- 
bit  frame.  There  is  an  8  bit  CRC  check  of  each  frame.  In 
addition,  there  is  a  24-bit  CRC  frame  for  all  RTDL  frames 
broadcast  in  a  cycle.  The  MPS  hardware  also  uses  the 
CYCLE_START  event  and  the  RTDL_VALID  events  for 
heartbeats  indicating  the  timing  system  is  healthy  and 
stale  modes  are  not  used.  The  probability  of  detecting  an 
erroneous  mode  broadcast  on  the  RTDL  using  the  two 
CRC  checks,  and  encoding  the  data  in  three  ways  is  better 
than  99.999994%  [11]. 

Fast  protect  systems  for  linear  colliders  prevent  errant 
beams  from  being  launched  into  the  accelerator.  Once  a 
pulse  is  launched,  there  is  little  to  be  done  to  protect  the 
machine,  except  to  design  collimation  systems  to  handle 
the  beam.  This  is  very  difficult  to  impossible  so  some 
engineering  is  under  way  to  design  “sacrificial”  collimator 
systems. 

Beam  Loss  monitors  at  HERA  often  have  the  last 
chance  to  recognize  a  doomed  beam  and  abort  it  safely 
before  uncontrolled  and  possibly  damaging  losses  occur. 

Beam  Accounting 

Beam  Current  Accounting  and  Beam  Loss  Accounting 
are  required  for  monitoring  integrated  losses  and  warning 
operations  when  loss  limits  are  approached.  Some 
systems  will  shut  down  the  machine  as  the  limits  are 
reached.  Beam  loss  and  accounting  are  used  to  stop  beam- 
induced  radiation  damage  before  it  occurs.  Some 
machines  like  CEBAF  at  JLAB  have  beam  loss 
accounting  to  limit  power  to  the  various  experimental 
halls.  These  limits  are  set  by  power  limit  requirements  for 


609 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


the  experimental  devices  (spectrometers)  and  the  beam 
dumps  in  each  experimental  hall. 

Beam  Loss  monitors  and  beam  current  monitors  are 
used  in  these  systems.  Beam  loss  monitors  can  pinpoint 
the  beam  loss  better  than  current  monitors,  but  calibration 
for  absolute  losses  is  harder  due  to  the  particle  types, 
equipment  shielding  the  detector,  etc.  Beam  current 
monitors  can  be  calibrated  to  a  high  degree  of  accuracy 
[CEBAF,  TTF],  but  they  can  also  be  “fooled”  by  opposite 
charged  particles  or  beam  spray  after  beam  loss. 

Maximum  Allowable  Interpulse  Difference  (MAID) 

MAID  was  originally  designed  to  monitor  orbit  stability 
using  BPM’s  and  abort  the  beam  if  the  orbit  starts  drifting 
outside  allowable  limits.  In  this  case  it  is  a  tum-by-tum 
difference  rather  than  an  interpulse  difference.  It  was 
planned  for  the  Tevatron  [12]  but  not  really  used. 
Complexes  such  as  PEPIl  are  using  the  MAID  principle. 

MAID  requires  previous  pulsed  data  to  be  verified  from 
the  accelerator  physics  point  of  view-  that  is  the  data  fits 
within  an  ellipse  defined  by  the  beam  envelope  in  the 
accelerator.  This  applies  to  beam  position  monitors,  beam 
loss  monitors  and  device  control  monitors  [13],  Just  prior 
to  injection  all  systems  that  can  change  the  beam 
trajectory  or  beam  energy  are  verified  to  be  operational. 
This  prepulse  system  gives  a  final  beam  permit  signal  to 
allow  beam.  Beam  is  also  monitored  in  damping  rings  or 
injection  systems  that  will  abort  errant  beams  before 
being  injected. 

For  accelerators  depending  on  MAID,  any  intermittent 
faults  require  the  injected  beam  to  be  brought  to  a  low 
power  state  in  the  injection  sequence.  In  order  for  full 
beam  to  proceed,  an  automated  sequence  to  bring  the 
beam  back  on  line  should  be  initiated.  These  procedures 
require  integration  of  a  number  of  systems,  MPS  between 
injectors,  damping  rings  and  accelerators,  timing  system 
sequences,  control  system  feedback  loops,  feed  forward 
algorithms,  and  timing  systems.  The  complexity  speaks 
for  itself. 

PROTECT  THE  BEAM  (AVAILABILITY) 

Protecting  the  beam  is  a  goal  for  all  accelerators 
desiring  high  beam  availability.  SNS  goals  are  >95% 
availability  at  full  power  for  production  beam.  Beam 
down  time  is  increased  unnecessarily  when  MPS  provides 
false  trips,  or  input  devices  provide  nuisance  trips.  The 
MTBF  decreases  as  the  number  of  MPS  inputs  increases. 
For  instance,  the  MTBF  for  inputs  to  the  LHC  have  to 
exceed  200  years  to  meet  the  goal  of  less  than  1  trip  per  2 
weeks. 

Experience  at  LANSCE  and  the  PSR  have  determined 
that  losses  of  1  W/m  will  allow  hands-on  accelerator 
maintenance  (~100mR/hr  at  1  foot),  with  transverse  losses 
primarily  at  quadrupoles  where  the  beta-max  occurs  [14]. 
Meeting  the  ALARA  limits  for  hands-on  maintenance 
will  increase  machine  availability  by  reducing  the  time  to 
repair. 


Software  masking  of  inputs  allows  components  in  the 
down  slope  of  a  bathtub  curve  to  be  identified  during  the 
commissioning  process  and  masked  out  to  increase  beam 
time.  If  the  component  or  device  is  not  deemed  critical  for 
steering  and  focusing,  it  can  be  masked  during  operation 
until  a  suitable  time  for  repair  occurs. 

PROVIDE  THE  EVIDENCE 

MPS  Faults  should  post  Abort  or  Fault  events  locally  or 
globally  through  the  timing  system.  Control  system 
devices,  beam  diagnostics,  and  pulse  systems  use  these 
triggers  to  freeze  circular  buffers  and  provide  waveforms 
of  the  interrupted  pulse.  Post  mortem  analysis  will 
identify  first  faults  using  timestamps  from  MPS  input 
faults. 

Using  a  correlator  tool,  such  as  the  XAL  Correlator 
package  developed  by  the  AP  group  at  SNS,  faults  can 
easily  be  captured  and  sorted  by  time  (figure  4).  Using  the 
hierarchy  provided,  these  faults  can  trigger  capture  of 
waveforms  and  slow  data  buffers  depending  on  the 
location  and  type  of  the  machine  fault.  This  will  help 
reduce  data  sorting  from  Gigabytes  to  Megabytes. 


The  application  will  bring  up  the  data  post  processed 
by: 


Event 

User  Pulse 

Sub  System 

Time  Stamp 

MPS  Fault 

Peak  Loss 

Timing  Event 

System 

Data  Excursion 

Standard  displays  built  into  XAL  include  waterfall,  XY 
correlator,  2d  and  3d,  Strip  charts,  phase  space 
parameters,  and  difference  from  model,  yesterdays  beam, 
etc. 

HIGH  POWER  TARGET  PROTECTION 

At  SNS,  the  target  requirements  for  errant  pulses  is  less 
than  2  full  power  pulses  for  beam  power  within  the 
nominal  spot  size  (50%  beam  power  outside  of  200  mm  x 
70  mm)  and  for  peak  single  pulse  current  density  < 
3.2xl0'®  protons/m . 
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Accelerator  Physics  fault  studies  have  determined 
which  quadrupoles  could  cause  target  parameters  to  be 
exceeded.  In  the  majority  of  cases,  large  beam  losses  are 
predicted  when  the  target  parameters  are  exceeded  [15]. 
Standard  monitoring  of  RTBT  beam  line  elements  (On- 
Off),  and  loss  monitor  inputs  provide  a  first  level  of 
defense.  Redundant  inputs  are  chosen  from  the  AP  studies 
where  beam  loss  monitors  and  power  supply  status  cannot 
monitor  losses.  These  magnets  are  chosen  for  redundant 
input  using  current  window  monitoring  for  the  power 
supply. 

Accelerator  physics  models  and  commissioning  results 
using  wire  scanners,  harps,  beam  loss  monitors,  and  beam 
position  monitors  define  acceptable  pulse-to-pulse 
windows  for  MAID.  Control  system  performance  needs  to 
be  verified  for  latency  and  Quality  of  Service  (QoS).  A 
single  control  system  network  should  be  sufficient  but  a 
second  high  QoS  network  can  be  added  in  the  future  if 
required. 

OPERATIONS 

The  operator  interface  for  MPS  should  make  faults  easy 
to  locate,  reset,  and  startup  reset  routines.  During  initial 
commissioning,  faults  are  located  manually  or 
(preferably)  using  post  mortem  tools.  As  commissioning 
proceeds  into  operations,  the  fault  discovery  process  is 
automated  and  operators  note  the  number  and  type  of  fault 
in  the  logbooks. 

Three  types  of  interface  screens  are  being  implemented 
at  SNS.  A  system  overview  screen  shows  the  status  of  all 
MPS  Machine  Mode  chains.  An  interlock  view  shows  the 
MPS  system  where  the  chain  is  broken.  Clicking  down 
this  screen  path  shown  each  MPS  input  and  MPS  chassis 
status  from  an  MPS  engineers  point  of  view. 

A  machine-oriented  view  allows  operations  to  link  the 
fault  to  a  location  on  the  beam  line.  This  allows  device 
specific  screens  to  pop  up  device  status,  cause  of  device 
fault,  device  reset  functions,  and  MPS  reset  functions. 
Input  masking  is  available  at  this  level  as  well  as  the 
setting  of  chatter  fault  (N  faults  in  M  pulses)  limits.  A 
system  status  view  is  also  offered  showing  MPS  inputs  by 
system  and  subsystem. 

Each  of  these  displays  is  highlighted  in  a  fault 
condition.  The  operations  group  will  eventually  develop 
high-level  screens  to  their  taste.  Other  EPICS  tools  like 
the  Alarm  Handler  also  show  MPS  faults  in  a  hierarchical 
manner. 


triggered  by  MPS  will  help  operations  recover  from 
faults.  Automatic  recovery  will  further  increase  the 
availability  of  the  machine.  MPS  should  become  a 
machine  diagnostic  tool,  integrated  with  other  systems  to 
maximize  availability  and  pinpoint  failures  for  operations. 
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CONCLUSIONS 

Machine  Protection  is  not  just  a  system  to  shut  off  beam 
like  an  interlock  chain.  MPS  needs  to  be  tightly  integrated 
with  local  MPS,  global  timing  systems,  global  controls, 
beam  diagnostics,  and  fast  abort  systems.  Startup 
sequences  can  be  very  complex  to  automate  bringing  the 
beam  online  after  an  MPS  fault  Control  systems  used  to 
provide  pulse-to-pulse  beam  permit  signals  become  a 
pulsed  control  system.  Network  infrastructures  need  to  be 
provided  to  allow  this  functionality.  Post  mortem  systems 
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VACUUM  SYSTEM  FOR  HIGH  POWER  LEPTON  RINGS 

Y.Suetsugu^,  KEK,  Tsukuba,  Japan 


Abstract 

The  vacuum  system  for  a  future  high  luminosity  lepton 
rings  are  discussed  citing  the  upgrade  plans  of  KEKB  and 
PEP-II  as  examples.  The  high  luminosity  means  firstly 
the  large  beam  currents  as  well  as  the  short  bunch  length. 
The  vacuum  system  has  to  cope  with  the  resultant  intense 
synchrotron  radiation  power  and  the  high  photon  flux. 
Deliberate  care  should  be  paid  for  the  beam  impedance 
issues.  The  design  will  proceed  based  on  the  various 
experiences  at  present  rings  introducing  novel  ideas. 

INTRODUCTION 

The  next  generation  of  B-factories  (Super  B-factoiy, 
SBF)  will  have  a  luminosity  of  10^^  -  10^*  cm'^  sec"'  to 
quest  a  new  physics,  SUSY  related  B-physics,  for  an 
example.  Table  1  presents  parameters  of  three  high 
luminosity  rings  planed  in  KEK  and  SLAC  [1,2].  Super 
KEKB  is  an  upgrade  plan  of  the  present  KEKB  and  Super 
PEP-II  is  that  of  PEP-II.  The  high  luminosity  firstly 
means  the  large  beam  currents,  ten  amperes  typically,  in 
addition  to  the  small  beam  sizes  at  collision  points.  The 
vacuum  system  for  such  a  high  luminosity  lepton  collider 
has  to  cope  with  the  resultant  intense  synchrotron 
radiation  power  and  the  high  photon  flux  [2-4].  The 
material  and  the  structure  of  beam  chamber  should  be 
examined  carefully  to  deal  with  the  high  power  density. 
Photoelectron  emission  has  to  be  cared  for  the  positron 
ring  to  suppress  the  electron  cloud  instability  [5]. 
Furthermore,  since  the  bunch  length  should  be  short  to 
relieve  the  hourglass  effect  at  the  collision  point,  the  beam 
impedance  issues  will  become  much  more  important.  A 
cautious  attention  should  be  paid  for  the  smoothness  of 
the  beam  chambers  and  the  reduction  of  impedance. 


Here  described  is  a  strategy  of  vacuum  system  design  for 
future  high-luminosity  rings,  together  with  some 
conceptual  designs  of  main  vacuum  components  and  their 
R&D  status  of  Super  KEKB  and  Super  PEP-II. 

ISSUES  COMMINGFROM  HIGH 
CURRENTS 

First  of  all,  several  basic  issues  are  reviewed. 

Heat  and  Gas  Load  by  Synchrotron  Radiation 

As  is  well  known,  the  total  power,  P,  and  the  total 
photon  number,  N,  of  the  synchrotron  radiation  (SR)  are 
given  by 

P  [W]  =  88.4  X 1 0'P  [GeV]V  [A]  /  p  [m], 

N  [photons  s”'  ]  =  8.08  x  [GeV]/  [A], 

where  E  [GeV],  7  [A]  and  p  [m]  are  the  energy,  the  beam 
current  and  the  bending  radius  of  normal  bending, 
respectively.  The  values  are  also  summarized  in  Table  1. 
For  the  LER  of  Super  KEKB,  for  an  example,  if  the 
present  single  beam  chamber  (^  94  mm,  copper)  is  used, 
the  maximum  linear  power  density  just  downstream  of  a 
bending  is  53.5  kW  m"'  and  the  estimated  temperature 
reaches  up  to  293  ®C.  The  thermal  stress  is  so  high  that 
the  present  beam  chamber  cannot  be  used  as  it  is. 

The  average  linear  photon  density  along  the  ring  is 
about  lO”  photons  s'' m''.  The  gas  load  is,  therefore,  on 
the  order  of  10'*  Pa  m^  m''  s'  even  for  the  photon 
stimulated  gas  desorption  rate,  T],  of  IxlO"®  molecules 
photon"'.  If  the  goal  pressure  is  on  the  order  of  10"’  Pa, 
the  linear  pumping  speed  of  about  0.1  m^  s''  m"'  is 
necessary. 


Tables  1 :  Vacuum  related  parameters  of  three  future  Super  B-factories  [1,2]. 


Super  KEKB  (Phase  I) 
LER  (e')  HER  (e^) 

Super  KEKB  (Phase  II) 
LER  (e')  HER  (e^ 

Super  PEP-II 

LER  (e')  HER  (e") 

Goal  Luminosity  [cm'‘'s''] 

1x10^^ 

4-10x10’^ 

Energy  [GeV] 

3.5 

8.0 

3.5 

8.0 

3.5 

8 

Circumference  [m] 

3016  (arc  2200) 

3016  (arc  2200) 

2200 

Beam  current  [A] 

9.4 

4.1 

17.2 

7.8 

15.5 

6  8 

Bunch  number 

5018 

5018 

6900 

Bunch  current  [mA] 

1.87 

0.82 

3.43 

1.55 

2.25 

0  QO 

Bunch  Length  [mm] 

Beam  Life  Time  [min] 

3 

-150 

3.5 

1.75 

Bending  Radius  (fi)  [m] 

16.31 

104.46 

16.31 

104.46 

13.75 

165 

Critical  Energy  of  SR  [keV] 

5.84 

10.88 

5.84 

10.88 

6.92 

6  89 

Total  SR  Power  [MW] 

7.64* 

14.21 

13.99* 

27.03 

14.95 

14.92 

Ibtal  Photons  [photons  s"'] 

2.66x10^^ 

2.65x10^^ 

4.86x10^^ 

5.04x10^^ 

4.38x10^^ 

4.40x10“ 

*without  wigglers 


'yusuke.suetsugu@kek.jp 
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Heating  by  Excited  HOM 

Since  the  bunch  length  is  short  and,  furthermore,  the 
bunch  current  is  large,  the  power  of  excited  higher  order 
modes  (HOM)  should  be  intense.  The  HOM  power 
generated  by  an  impedance  source  can  be  written  by 

r  =  ^(tT)[VC-']/[AfT,[s], 

where  k  is  the  loss  factor  of  the  impedance  source  and  a 
function  of  the  bunch  length,  a.  In  most  case,  the  k  is 
almost  in  proportion  to  <7 The  %  is  the  bunch  interval. 
The  total  loss  increases  in  proportion  to  the  square  of 
beam  current  for  the  same  Tb,  i.e.  the  same  bunch  numbers. 
For  an  example,  even  the  impedance  source  with  a  loss 
factor  of  0.01  V  pC',  it  induces  the  HOM  of  about  2  kW 
(7  =  10  A  and  ti,  =  2  ns).  The  excited  HOM  results  in  the 
heating  of  vacuum  components  around  the  source.  The 
trapped  modes  are  likely  to  induce  the  beam  instability. 
The  impedance  sources  should  be  removed  as  much  as 
possible  to  suppress  the  unnecessary  HOM  excitation. 


Heating  and  Discharge  by  Wall  Current 


For  a  Gaussian  bunch,  the  wall  current,  and  the 
mean  square  of  that,  can  be  expressed  by 


2-J^or' 


where  c  is  the  velocity  of  light.  For  a  bunch  with  a=  3 
mm,  the  peak  wall  current  is  about  800  A  (7=  10  A  and  Tb 
=  2  ns).  The  high  impulse  wall  current  could  cause  a 
discharge  at  a  gap  of  beam  chamber.  The  high  mean 
square  of  current  leads  to  the  joule  loss,  which  will  be  a 
problem  for  the  coating  in  the  ceramics  chambers  and  for 
the  surface  with  low  electric  conductivity. 


Direct  Damage  by  Beam 

The  circulating  high  current  beam  has  a  huge  energy  in 
itself.  When  the  beam  is  steered  accidentally  or  the  beam 
has  to  be  aborted,  the  beam  hit  the  chamber  material  and 
the  energy  is  dissipated  there.  When  all  of  circulating 
particle  hit  a  material,  the  total  dissipated  energy  is  about 
350  kJ  For  10  A  beam  for  LER  of  Super  KEKB.  The 
energy  concentrates  to  the  transverse  beam  size  on  the 
material  within  a  time  of  revolution  time  (~10  ps).  The 
relativistic  beam,  of  course,  interacts  with  material 
through  various  processes  and  all  of  the  energy  does  not 
always  dissipated  in  the  small  volume  [6].  The  energy, 
however,  will  be  enough  to  melt  the  metal  when  the  beam 
injected  to  that  with  a  thickness  of  several  radiation  length 
(see  Fig.6). 


DESIGN  STRATEGY 

The  designs  of  the  vacuum  system  for  SBF  in  KEK 
(Super  KEKB)  and  PEP-II  (Super  PEP-II)  are  undergoing 
taking  account  above  issues.  Followings  are  the  design 
strategy  and  conceptual  designs  of  several  main  vacuum 
components.  Some  R&Ds  performed  or  undergoing  are 
also  touched  briefly. 


Figure  1 :  Typical  structure  of  ante-chamber  for  the 
LER  of  Super-KEKB. 


Figure  2:  Cross  section  of  beam  chamber  for  Super 
PEP-II  [2]. 


Beam  Chamber 

An  ante-chamber  scheme  as  adopted  in  the  LER  of 
PEP-II  [7],  where  the  SR  goes  through  an  adjacent 
channel,  is  a  promising  structure  for  a  beam  chamber  in 
high  current  machine.  A  typical  structure  of  the  ante¬ 
chamber  is  shown  in  Fig.l  [3].  The  ante-chamber 
consists  of  two  channels,  one  is  for  the  beam  and  another 
is  for  the  SR.  A  narrow  long  slot  connects  those  channels 
each  other.  The  SR  hit  the  sidewall  at  far  side  of  the  ante 
chamber,  not  the  photon  stop.  The  photon  stop  scheme 
cannot  be  realized  due  to  the  high  concentrated  power. 
Since  the  irradiated  point  of  SR  at  the  chamber  wall  goes 
far  from  the  emitting  point,  the  input  SR  power  is  diluted. 
For  the  LER  of  Super  KEKB,  the  maximum  power 
density  at  the  sidewall  of  the  ante-chamber  will  be  about 
40  W  mm'^,  which  is  about  30  %  of  that  for  the  single 
beam  chamber  and  almost  same  as  that  of  the  present  one. 
The  maximum  temperature  and  the  thermal  stress 
expected  are  about  150  °C  and  260  MPa,  respectively. 
The  stress  is  well  below  the  yield  strength  of  a  drawn 
copper  (-350  MPa). 

For  the  Super  KEKB  (Phase  II)  or  Super  PEP-II, 
however,  the  simple  ante  chamber  as  Fig.l  is  not  enough. 
A  cross  section  of  the  beam  chamber  for  the  Super  PEP-II 
is  shown  in  Fig.2  [4].  The  side  wall  of  the  antechamber 
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is  tilted  to  dilute  further  the  power  density.  In  this  case, 
the  bore  of  the  beam  chamber  is  also  enlarged  to  reduce 
the  resistive  wall  effect. 

The  ante-chamber  scheme  will  be  especially  preferable 
for  positron  ring  from  the  point  of  photoelectron  emission 
since  the  irradiation  of  SR  is  at  the  side  wall  far  from 
beam  channel.  The  beam  field  is  also  small  and, 
therefore,  the  multipactoring  will  be  hard  to  occur  in  the 
SR  channel.  In  2002,  a  test  model  of  ante-chamber  was 
installed  in  the  LER  of  KEKB.  The  measured  electron 
number  in  the  beam  channel  reduced  to  about  1/7  of  that 
for  the  usual  single  beam  chamber  [3] .  The  effectiveness 
reducing  electrons  in  the  beam  channel  by  adopting  ante¬ 
chamber  scheme  was  demonstrated. 

Pumping  Scheme 

The  ultra-high  vacuum  in  the  high  luminosity  rings  is 
necessary  to  reduce  the  background  noise  in  the  particle 
detector  and  to  avoid  ion-related  instability  rather  than 
ensure  the  long  lifetime  (see  Table  1).  The  linear 
pumping  speed  of  about  0.1  m^  s‘‘  m''  is  required  as 
estimated  above  to  get  the  average  pressure  on  the  order 
of  10  ’  Pa  during  the  operation.  The  pumping  scheme  is 
the  distributed  one  to  get  high  linear  pumping  speed.  The 
pump  will  be  a  combination  of  the  strip  type  NEG  pumps 
and  the  ion  pumps  as  the  present  KEKB  [8,9].  The  pump 
ports  are  equipped  at  SR  channel  to  remove  the 
impedance  of  pumping  ports  in  the  beam  channel  and  to 
evacuate  effectively  the  desorbed  gas  as  shown  in  Fig.l 
and  2. 

Material  of  Chamber 

At  present,  copper  is  the  most  suitable  material  for  the 
beam  chamber  for  its  high  thermal  strength,  the  high 
electrical  conductivity,  the  low  thermal  gas  desorption 
(after  proper  chemical  cleaning)  and  the  relatively  low 
photoelectron  yield  [7-9].  The  copper  beam  chambers 
have  been  used  in  DESY  (HERA),  SLAG  and  KEK  and 
their  manufacturing  technique,  such  as  the  welding 
(brazing)  method  and  the  cleaning  procedure,  has  been 
well  established. 

Aluminium  is  another  candidate  of  material  [4].  The 
manufacturing  and  welding  is  actually  easier  than  copper. 
Extrusion  with  a  complex  cross  section  is  also  possible. 
But  the  thermal  strength  and  the  melting  point  are  inferior 
to  copper.  The  application  of  aluminium  may  be  limited. 

Surface  Treatment 

Whether  it  is  copper  or  aluminium,  the  recent  technique 
to  clean  the  surface  and  the  t]  of  less  than  1x10"* 
molecules  photon"'  will  be  achieved  within  the  integrated 
linear  photon  density  of  about  10^^  photons  m"’  [8]. 

More  important  issue  for  the  positron  ring  is  to  form  a 
surface  with  low  electron  emission  rate  to  suppress  the 
electron  cloud  instability  (ECI)  [5].  The  electron  cloud 
consists  of  photoelectrons  and  secondary  electrons.  The 
secondary  electrons  are  emitted  from  the  surface  by 
bombardment  of  high  energy  electrons  accelerated  by  the 
beam  induced  field.  Solenoid  field  seems  successful  in 


the  present  KEKB  and  PEP-II  [10,11]  and  the  ante¬ 
chamber  structure  described  above  will  release  the 
problem.  To  form  a  surface  with  a  low  photoelectron  and 
secondary  emission  rate,  however,  will  be  a  fundamental 
measure. 

The  present  beam  chamber  of  LER  of  PEP-II  has  TiN 
coating  inside  [7].  Recently  it  was  reported  that  the  NEG 
(Non-Evaporable  Getter)  coated  surface  has  a  low 
photoelectron  and  secondary  electron  yield  [12,13].  The 
coated  chamber  was  used  in  ESRF  [14]  and  will  be 
applied  for  LHC  [15].  The  NEG  coated  surface  seems 
promising  but  the  further  R&Ds  for  the  surface  with  low 
electron  emission  rate  should  be  continued. 

Connection  of  Chambers 

Usually  the  number  of  connections  sums  up  to  about 
one  thousands  to  construct  a  ring.  Connection  of 
chambers  will  raise  a  serious  impedance  problem  in  high 
luminosity  machine.  The  present  KEKB  used  a  helico- 
flex  seal  between  flanges,  which  matches  the  cross 
section  of  beam  chamber  [9].  The  helicon-flex  gasket 
has  also  a  role  of  tight  RF-shield  and  has  been  working 
successfully.  However,  even  for  the  helico-flex  seal,  the 
loss  factor  of  a  flange  connection  goes  up  to  about  1  V 
nC'  for  the  short  bunch  length  =  3  mm).  In  the 
design  of  Super-PEP-II  or  Super-KEKB,  the  flange  less 
connection  is  considered,  where  the  adjacent  ducts  are 
connected  by  welding  in  situ  [3,4]. 

The  bellows  chamber,  which  is  usually  inserted 
between  adjacent  beam  chambers,  raises  another 
impedance  problem  and  heating  problem.  In  the  Super- 
PEP  II  and  Super-KEKB,  the  bellows  less  design  was 
proposed  [3,4].  The  adjacent  chambers  will  be  connected 
directory  by  welding  in  situ.  If  the  temperature  of  beam 
chambers  during  the  beam  operation  is  well  controlled 
(less  than  10  °C,  for  an  example),  the  deformation  of 
beam  chamber  may  be  tolerable.  Remaining  crucial 
problems  are  how  to  absorb  the  manufacture  and 
alignment  errors,  and  how  to  fit  the  welding  surface.  The 
further  practical  considerations  should  be  necessary. 

In  the  Super-KEKB,  the  connection  using  a  bellows 


Figure  3:  Conceptual  drawing  of  bellows  chamber 
with  a  new  RF-shield  structure. 
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chamber  is  also  considered  using  a  new  RF-shield 
structure  as  described  below  [16], 

RF-Shield  in  Bellows  and  Gate  Valves 

Usual  RF-shield  in  bellows  or  gate  valves  are  lots  of 
thin  fingers  aligned  azimuthally  around  the  inner  surface 
of  beam  chambers  [17,18],  However,  for  the  high  current 
ring,  the  heating  of  those  due  to  the  HOM,  especially  the 
TE  modes,  will  become  a  serious  problem.  The  troubles 
have  been  reported  at  KERB  and  PEP-II  near  the  movable 
masks  or  the  interaction  region  [8],  The  impedance  of  a 
step  (~1  mm)  at  RF  shield  structure  (k  ~  10  V  nC'  at  <y= 
3  mm)  will  be  also  a  problem  for  the  beam  stability  due  to 
the  large  amount  of  it.  The  discharge  at  the  sliding  point 
will  be  another  source  of  trouble  due  to  a  high  wall 
current  as  described  above. 

Recently  a  new  structure  of  RF-shield  is  proposed  [19]. 
The  shield  is  no  more  than  fingers  but  nested  comb  teeth, 
aligned  azimuthally  with  a  pitch  of  3  mm  typically  [16]. 
Since  each  tooth  (copper)  has  a  width  and  a  radial 
thickness  of  1  mm  and  10  mm,  respectively,  the  thermal 
strength  is  much  better  than  a  usual  finger.  The  calculated 
loss  factor  is  smaller  than  that  of  usual  one  by  a  factor  of 
3  ~  4.  The  R&D  to  apply  the  RF  shield  to  the  bellows  or 
gate  valves  has  just  started.  A  conceptual  drawing  of  the 
new  RF-shield  bellows  chamber  is  shown  in  Fig.3  A  trial 
model  of  bellows  chamber  with  the  new  RF-shield  will  be 
installed  in  this  summer  in  the  KERB  and  studied. 

HOM  Absorber 

In  the  high  current  machine,  the  intense  HOM  can  be 
generated  at  various  kinds  of  vacuum  components.  The 
interaction  region  is  also  a  big  source  of  HOM  where  the 
cross  section  changes  drastically  and  the  beam  passes  at 
the  off-centre  of  beam  pipe.  The  intense  HOM  leads  to 
the  extra  heating  of  vacuum  components  or  the  discharges 
inside  those.  The  HOM  absorbers  will  be  indispensable 
to  avoid  these  troubles  caused  by  the  HOM. 

A  winged  HOM  damper  as  shown  in  Fig.4  was  newly 
designed  base  on  that  for  RERB  ARES  cavity  system 
[20,21]  and  the  trial  model  was  installed  near  the  movable 
masks  of  the  RERB  in  2002,  where  the  heating  of  bellows 
chambers  has  been  observed  [22].  The  long  narrow  slots 


Beam  Chamber 


in  the  beam  direction  connect  the  beam  chamber  and  two 
Sic  HOM  absorbers,  and  the  damper  can  absorb 
effectively  the  TE  mode.  The  loss  factor  is  less  than  10 
V  nC'  at  the  bunch  length  of  10  mm.  The  capacity  of  a 
Sic  rod  is  about  10  kW. 

Movable  Mask  (Collimator) 

To  protect  the  particle  detector  from  damages  by  spent 
particles,  the  movable  mask  (collimator)  system  will  be 
equipped.  The  trapped  HOM  free  masks  have  been 
installed  in  the  PEP-II  and  RERB  [23,24].  Even  if  the 
masks  do  not  trap  the  HOM,  however,  they  excite  the 
HOM  in  any  way.  The  HOM  propagates  along  the  beam 
chamber  and  heats  up  the  components  nearby  [8]. 
Future  masks  should  be  combined  with  HOM  absorbers. 
The  reduced  HOM  design  will  be  adopted  at  the  same 
time  [25]. 

Another  problem  expected  is  the  damage  of  mask  head, 
which  have  been  already  experienced  in  the  RERB  [24]. 
The  damages  at  the  mask  head  resulted  from  the  attack  of 
beam  steered  abnormally.  The  same  problem  will  arise  at 
the  beam  abort  window.  An  effective  way  to  avoid  the 
damage  is  to  use  the  light  material  with  a  minimal  length 
as  a  mask  head.  The  temperatures  along  the  beam  path  in 
copper,  titanium,  carbon  and  beryllium  calculated  by 
EGS4  as  a  function  of  the  radiation  length  are  shown  in 
Fig.5  [26].  New  ideas  are  to  use  spoiler  scheme  (Fig.6) 
and  to  use  a  rotating  or  a  liquid  metal  as  a  spoiler  [27,28]. 


Radiation  Length 

Figure  5;  Estimated  temperatures  along  the  beam  path 
when  an  8  GeV  electron  beam  with  a  radius  of  1 .5 
mm  is  incident  on  copper,  titanium,  carbon  and 
beryllium. 


Spoiler 


Absoiher 


Figure  4:  Stracture  of  winged  HOM  damper 
developed  in  RER. 
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Figure  6:  Spoiler  type  collimator  [27]. 
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The  safe  and  rapid  beam  abort  system  using  the  beam 
orbit  or  the  beam  loss  monitor  will  also  help  the  damage 
of  mask  head. 

OTHER  ISSUES 

The  following  are  other  key  issues  to  be  carefully 
considered. 

(1)  Design  of  the  beam  chambers  at  the  interaction  region. 
The  design  should  take  into  account  the  aperture  (the  beta 
function  should  be  large  near  the  collision  point),  the 
impedance,  the  SR  mask  and  the  effective  pumping 
scheme. 

(2)  Radiation  shielding.  Lead  shielding  around  the  beam 
chamber  may  be  necessary. 

(3)  Alignment.  An  accurate  alignment  of  the  beam 
chamber  will  be  a  great  importance  for  the  accelerator 
dealing  with  an  intense  beam. 

(4)  Abort  system.  Once  an  accident  occurs,  such  as  a 
malfunction  of  machine  components  or  a  wrong 
operation,  the  steered  beam  easily  damages  the  vacuum 
chamber  or  the  movable  masks  as  described  above.  A 
rapid  and  safe  beam  abort  system  is  required. 

(5)  Alarm  system.  Many  components,  such  as  the  photon 
stops,  the  bellows  chambers,  gate  valves  and  so  on,  can  be 
easily  heated  up  by  the  intense  synchrotron  radiation  or 
HOM  if  the  cooling  system  failed.  The  flow  rate  of 
cooling  waters  and  the  temperatures  of  these  components 
should  be  kept  watching  any  time.  A  highly  reliable 
alarm  and  interlock  system  should  be  prepared. 
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Abstract 

We  have  investigated  the  preparation  and  testing  of  thin 
diamond  foils  for  use  in  stripping  the  SNS  H'  Linac 
beam.  A  long  useful  lifetime  for  these  foils  is  desirable 
to  improve  operational  efficiency.  Preliminary  data 
presented  at  PAC  2001  indicated  that  diamond  foils  were 
superior  to  conventional  evaporated  carbon  foils, 
exhibiting  lifetimes  approximately  five-fold  longer!  1]. 
That  work  employed  a  fully  supported  diamond  foil,  a 
format  that  is  not  acceptable  for  the  SNS  application;  at 
least  two  edges  of  the  approximately  1x1  cm  foils  must 
be  free  standing  to  allow  for  beam  rastering.  Residual 
stress  in  a  chemical  vapor  deposited  (CVD)  diamond  foil 
results  in  film  distortion  (scrolling)  when  the  film  is 
released  from  its  silicon  growth  substrate.  We  have 
attacked  this  problem  by  initially  patterning  the  surface  of 
CVD  growth  substrates  with  a  50  or  100  line/inch 
trapezoidal  grating,  followed  by  conformal  diamond  film 
growth  on  the  patterned  substrate.  Then  removal  of  the 
substrate  by  chemical  etching  produced  a  foil  that 
possessed  improved  mechanical  integrity  due  to  its 
corrugation.  The  high  nucleation  density  required  to  grow 
continuous,  pinhole  free  diamond  foils  of  the  desired 
thickness  (1  gm,  350  gg/cm^)  was  achieved  by  a 
combination  of  substrate  surface  scratching  and  seeding. 
A  variety  of  diamond  foils  have  been  tested  using  the  BNL 
750  keV  Radio  Frequency  Quadmpole  H'  beam  to 
simulate  energy  loss  in  the  SNS.  Those  include  flat, 
corrugated,  microcrystalline,  and  nanocrystalline  foils. 
Foil  lifetimes  are  reported. 

INTRODUCTION 

Diamond  thin  films  can  be  grown  from  the  vapor  phase 
by  decomposition  of  methane  in  low  pressure  hydrogen. 
While  the  resulting  films  are  polycrystalline,  they  exhibit 
many  of  the  superb  physical  properties  of  natural 
diamond.  We  have  prepared  and  tested  diamond  foils  for 
use  as  the  stripping  foil  for  removing  two  electrons  from 
the  H‘  ions  in  the  1  GeV  Linac  beam  at  the  Spallation 
Neutron  Source  (SNS). 

Preliminary  BNL  data  presented  at  PAC  2001  indicated 
that  a  diamond  foil  was  superior  to  conventional 
evaporated  carbon  foils,  exhibiting  a  lifetime 
approximately  five-fold  longer!  1].  Any  improvement  in 
foil  lifetime  before  failure  will  be  an  operational  advantage 
for  the  SNS,  which  will  be  operated  nearly  continuously 
for  users. 

The  SNS  will  require  a  foil  size  approximately  1x2 
cm,  with  a  thickness  of  about  1  ^m  (350  (ig/cm^).  An 
optimum  design  goal  requires  that  an  individual  foil  will 


function  for  no  less  than  about  200  hours.  Multiple  foils 
will  be  mounted  on  a  30-unit  cassette  changer  to  increase 
the  overall  facility  operating  time  before  new  foils  must 
be  mounted.  These  foils  can  be  supported  mechanically 
by  at  most  two  edges,  as  the  proton  beam  will  be  painted 
on  and  off  the  foil  in  both  transverse  directions.  This 
latter  criterion  is  particularly  demanding  because  thin, 
polycrystalline  diamond  foils  grown  by  chemical  vapor 
deposition  (CVD)  are  mechanically  stable  when  affixed  to 
their  growth  substrate,  but  curl  dramatically  when  released 
due  to  stress  in  the  foil.  This  stress  is  both  intrinsic  and 
thermal  (stress  produced  by  the  large  thermal  expansion 
mismatch  between  diamond  and  the  silicon  growth 
substrate).  We  have  attempted  to  overcome  this 
mechanical  instability  problem  by  using  two  approaches: 
growth  of  nano-textured  diamond  and  corrugation  of 
diamond  foils. 

FILM  STRESS  AND  NANO-TEXTURED 
DIAMOND 

Residual  film  stress  for  materials  grown  at  elevated 
temperature  is  a  well  known  and  studied  topic. 
Windischmann  and  co-workers  12]  have  determined  the 
stress  in  microwave  plasma  CVD  diamond  films  as  a 
function  of  the  methane  concentration  in  the  reagent  gas 
and  as  a  function  of  the  deposition  temperature.  Both 
tensile  and  compressive  stress  was  observed,  depending  on 
the  growth  conditions. 

We  feel  that  an  approach  that  holds  promise  for  stress 
averaging  and  film  strengthening  is  the  preparation  of 
nanostmctured  diamond.  Such  films  have  the  potential  to 
provide  adequate  strength  at  the  ca.  1  |Lim  thickness 
required.  Several  reports  concerning  nanocrystalline 
diamond,  particularly  from  microwave-excited  growth 
reactors,  have  appeared.  Zhou  and  co-workers  !3,4] 
discovered  that  the  argon  content  of  microwave 

discharges  leading  to  CVD  diamond  films  exerts  a 
substantial  effect  on  the  particle  size  of  these 
polycrystalline  films.  Nanocrystalline  textured  films, 
with  grain  sizes  ranging  from  3  to  50  nm,  can  result. 
More  recently,  similar  results  were  obtained  using  a  hot 
filament  growth  chamber  !5]. 

FOIL  PREPARATION 

Diamond  films  were  grown  using  either  a  hot  filament 
or  a  microwave  reactor.  The  typical  reagent  gas  mixture 
was  1  or  2%  methane  in  hydrogen;  the  reactor  pressure 
was  maintained  at  50  Torr,  and  the  gas  flow  rate  was  100 
seem.  For  nano-textured  films,  the  input  gas  mixture  was 
diluted  with  argon  to  create  a  1/49/50  by  volume 
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CH4/H2/Ar  mixture.  The  substrate  temperature  was  set 
either  by  adjusting  the  microwave  power  or  the  substrate 
heater  current  in  the  microwave  and  hot  filament  reactors, 
respectively.  The  growth  rate  was  about  0.5  to  1  pm/hr. 
Greater  thickness  uniformity  was  achieved  using  the 
microwave  reactor.  The  film  thickness  reported  here  is  an 
estimate  derived  from  the  substrate  mass  change  during 
growth,  so  is  an  average  over  the  entire  wafer  surface. 
Films  were  characterized  using  SEM,  TEM,  surface 
profilometry,  and  micro-Raman  spectroscopy.  TEM 
analysis  of  our  nano-textured  diamond  indicated  that  the 
typical  particle  size  was  50  nm.  A  window  was 
chemically  etched  in  the  substrate  for  accelerator  beam  foil 
lifetime  testing  using  a  mixture  of  10:6:9  concentrated 
nitric:  hydrofluoric:acetic  acids. 

Single  crystal  silicon  wafers  (100  orientation)  were 
abraded  using  0.1  pm  diamond  paste  before  film  growth  to 
create  nucleation  sites.  Diamond  films  prepared  using  the 
CVD  method  are  polycrystalline  with  grain  dimensions 
ranging  from  less  than  one  to  about  ten  micrometers.  To 
a  large  degree,  the  grain  size  is  determined  by  the  substrate 
surface  nucleation  density,  as  diamond  grows  by 
development  of  crystalline  nuclei  (seeds)  that  enlarge  with 
further  growth  until  they  merge.  Thus  the  seeding  process 
is  critical  for  our  application,  as  the  nucleation  density 
must  be  sufficient  to  result  in  a  pinhole-free  film  even 
though  the  growth  is  terminated  at  a  1  pm  film  thickness. 
Mechanical  scratching  of  the  substrate  is  commonly 
employed  before  growth  in  order  to  produce  a  high 
diamond  nucleation  density.  We  have  extended  that 
approach  by  first  scratching  with  paste  and  then  following 
with  an  ultrasonic  bath  wafer  treatment  in  “Liquid 
Diamond”,  a  concentrated  slurry  of  0.1  pm  diamond 
particles  (GE  Micron  Products,  Deerfield  Beach,  FL).  The 
latter  treatment  loaded  the  surface  scratches  with  diamond 
seeds.  After  the  ultrasonic  treatment,  the  wafer  was 
rinsed,  but  not  thoroughly  cleaned,  so  as  to  leave  behind 
surface  seeds. 

Cormgated  diamond  foils  were  prepared  through  the  use 
of  a  photolithographic  technique.  A  100  silicon  wafer 
was  oxidized  to  produce  a  400-500  nm  oxide  layer.  That 
surface  was  spin-coated  with  a  polymer  photoresist.  The 
resist  was  exposed  to  ultraviolet  light  through  a  metal-on- 
glass  mask  (50  or  100  lines  per  inch  at  50%  duty  factor) 
at  contact.  The  resist  was  developed  and  rinsed  to  leave 
protective  resist  lines  on  the  oxide  surface.  The  exposed 
oxide  was  removed  in  a  brief  buffered  oxide  etch  (BOE; 
10:1,  NH4F:HF).  The  remaining  resist  was  then  stripped, 
and  the  wafer  was  etched  in  25%  tetramethyl  ammonium 
hydroxide  at  75  °C  to  produce  surface  trenches  with 
approximately  45°  walls  in  the  exposed  silicon.  The 
protective  oxide  lines  were  then  stripped  using  BOE.  This 
process  resulted  in  a  trapezoidal  pattern  on  the  silicon 
surface  with  trench  depths  of  approximately  20  pm.  A 
conformal  CVD  diamond  film  was  grown  on  this  surface, 
and  subsequently  the  silicon  substrate  was  etched  away  to 
leave  a  corrugated  foil.  The  sloping  trench  walls  present  a 


thickness  to  a  normal  incidence  ion  beam  that  is  ca.  50% 
greater  than  the  nominal  foil  thickness,  but  the  portion  of 
the  foil  that  corresponds  to  the  walls  is  only  7%  of  the 
entire  foil  area  (at  50  lines/inch  corrugation).  A 
schematic  view  of  an  L-bracket  supported  sample  is 
shown  in  Figure  1 ;  the  foil  corrugations  are  arranged  in  a 
diagonal  orientation  to  pin  the  free  foil  comer.  An  image 
of  an  actual  sample  is  also  shown;  the  corrugation  period 
is  50  lines/inch  for  this  sample. 
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Figure  1.  Schematic  drawing  and  image  of  a  cormgated 
foil  test  sample  (50  Lines/inch).  A  cm  scale  is  shown. 


FOIL  TESTS  IN  THE  BNL  LINAC 
BEAM 

The  wafers  were  beam  tested  at  Brookhaven  National 
Laboratory,  using  the  750  keV  H"  Linac  (6.7  Hz,  0.5  ms 
pulse).  The  beam  was  approximately  circular,  with  a  3 
mm  diameter.  A  peak  beam  current  of  2  mA  was  used  for 
these  tests  so  as  to  achieve  the  same  energy  loss  in  the 
foil  as  from  the  50  mA,  1000-MeV  SNS  beam.  Note  that 
the  SNS  repetition  rate  is  nine-fold  higher  than  for  the 
BNL  Linac,  and  the  foil  lifetime  in  the  SNS  will  be 
shorter.  The  test  samples  were  2  x  3.5  cm  silicon 
coupons  with  a  variety  of  window  sizes:  7  mm  round, 
12x12  mm  square  (“window  frame”),  and  12x12  mm 
windows  with  L-bracket  (two-edged)  support.  The  total 
current  was  monitored  behind  the  foil,  and  the  lifetime 
was  gauged  by  the  time  required  for  the  current  to  drop  to 
90%  of  its  initial  value.  However,  tests  were  halted  at 
about  130  hours,  if  the  90%  current  criterion  had  not  been 
reached. 

The  test  results  are  summarized  in  Table  1 . 
Unfortunately  our  beam  time  for  testing  is  limited,  so  the 
data  are  sparse  at  this  time.  However  it  can  be  seen  that 
the  lifetime  for  several  of  the  foils  exceeded  80  hours. 
The  foils  represented  in  Table  1  range  from  1.0  to  1.9  pm 
average  thickness.  Two  foils  (#4  and  5)  were 
nanocrystalline  (i.e.,  grown  in  the  hot  filament  chamber 
with  CRJRJkr  gas);  the  tests  for  both  of  these  foils  were 
terminated  before  the  90%  criterion  was  reached.  For 
comparison,  foil  #6  was  microcrystalline;  however,  #6 
was  prepared  with  a  smaller,  round  window  and  different 
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Table  1.  Diamond  foil  lifetime  test  results  for  a  750  keV  H'  beam  for  a  variety  of  diamond  foils.  The  lifetime  is 
defined  as  the  time  at  which  the  downstream  current  decreased  to  90%  of  the  initial  value.  Foil  #  1  was  grown  at  a 
substrate  temperature  (ca.  900  °C)  approximately  200  °C  hotter  than  #2. 


Foil  Number 

Growth 

Technique 

Foil  Stmcture 

Reagent  Gas 
Methane 
Content 

Average  Foil 
Thickness 
(dm) 

Window 

Measured 
Lifetime  (Hr) 

1 

Microwave 

Micro- 

1% 

1.9 

12x12  mm 

85.4 

2 

Microwave 

Micro- 

2% 

NA 

12x12  mm 

16.4 

3 

Hot  Filament 

Corrugated, 

Nano- 

1% 

1.8 

12x12  mm 
L-Bracket 

60.0 

4 

Hot  Filament 

Nano- 

1% 

0.96 

12x12  mm 

>133 

5 

Hot  Filament 

Nano- 

1% 

1.1 

12x12  mm 

>120 

6 

Hot  Filament 

Micro- 

1% 

0.81 

7  mm.  Round 

3.6 

temperature  maxima  may  have  resulted  for  these  foils. 
Foils  #1  and  2  were  grown  in  the  microwave-powered 
chamber  and  were  microcrystalline;  the  longer  lived  foil 
was  grown  at  a  substrate  temperature  (ca.  900  “Q 
approximately  200  °C  hotter  than  the  comparison  foil. 
Foil  #3  was  nanocrystalline,  cormgated  at  100  lines/inch, 
and  supported  on  only  two  edges;  its  observed  lifetime 
was  60  hours. 

The  tested  foils  were  characterized  using  SEM  and 
Raman  spectroscopy  to  ascertain  beam-induced  material 
alteration.  A  round,  dark  foil  spot  of  the  same  size  as  the 
H"  beam  was  observed.  This  region  was  typically 
wrinkled  and  damaged.  Raman  spectroscopic  analysis 
showed  clear  evidence  that  a  diamond-to-graphite 
conversion  had  occurred  at  the  beam  spot  for  both  the 
nanocrystalline  and  microcrystalline  foils.  The  sharp 
1332  cm"'  diamond  phonon  line  disappeared,  and  new 
broad  lines  appeared  at  the  positions  of  the  D  and  G  bands 
of  graphite  [6]. 

CONCLUSIONS 

To  a  large  degree,  corrugation  of  thin  diamond  films 
solves  the  curling  problem  for  free  standing  foils.  Flat 
foils  scroll  dramatically,  while  cormgated  foils  as  large  as 
12  xl2  mm  only  cup  slightly.  Our  preliminary  foil  test 
results  indicate  that  diamond  foils  with  lifetimes  greater 
than  100  hours  can  be  prepared.  It  appears  that 
nanocrystalline  diamond  exhibits  a  longer  useful  life  than 
microcrystalline  diamond  for  this  beam  stripping 
application.  An  L-bracket  supported  cormgated  foil 
performed  for  60  hours. 

Future  efforts  will  be  focused  on  development  of  more 
reproducible  diamond  nucleation  techniques. 


improvements  in  cormgation  geometry,  and  on  further  foil 
testing  in  the  Linac  beam. 
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Abstract 

Vacuum  pumping  via  non-evaporable  getter  (NEG) 
thin  film  deposited  directly  onto  the  interior  of  a  vacuum 
chamber  is  a  novel  way  to  achieve  extreme  high  vacuum. 
As  part  of  R&D  efforts  for  the  proposed  Energy  Recovery 
Linac  at  Cornell,  the  pumping  performance  of  Titanium- 
Zirconium-Vanadium  (TiZrV)  NEG  thin  films  was 
investigated  to  provide  ‘engineering’  data  for  designing 
vacuum  systems  using  such  NEG  thin  films.  The 
compositions  and  growth  rates  of  the  NEG  thin  films, 
deposited  on  stainless  steel  tubes  using  DC  Magnetron 
sputtering,  were  investigated  using  Rutherfield  Back- 
scattering  Spectrometry.  The  pumping  speeds  and 
capacities  of  the  thin  films  for  CO  and  H2  were  measured 
as  functions  of  activation  temperatures  and  durations,  and 
film  thickness.  Though  pumping  of  CO  and  H2  by  the 
NEG  films  is  observed  with  activation  temperatures  as 
low  as  150°C,  the  pumping  performance  of  the  NEG  films 
improves  significantly  with  activation  temperatures  above 
250°C. 

INTRODUCTION 

An  Energy  Recovery  Linac  (ERL)  prototype  machine 
was  proposed  at  Cornell  University  to  study  ERL-related 
accelerator  physics  and  technology  [1].  The  knowledge 
and  experience  gained  from  the  prototype  ERL  machine 
will  pave  the  way  for  the  development  of  a  full  scale 
ERL-based  new  generation  synchrotron  light  sources. 

Adequate  vacuum  performance  is  essential  to  the 
operation  of  many  sub-systems  of  the  proposed  ERL 
prototype  and  the  future  ERL  synchrotron  light  sources 
(such  as  the  photo-cathode  injector,  beam  pipes  adjacent 
to  the  superconduting  cryo-modules,  and  the  insertion 
devices).  The  challenge  to  the  vacuum  system  design 
arises  from  the  need  to  achieve  and  maintain  ultra-high 
and  extreme-high  vacuum  conditions  within  a  very 
limited  space  allowable  for  traditional  pumping. 

The  use  of  non-evaporable  getter  (NEG)  thin  film  [2] 
directly  deposited  onto  the  inside  of  a  vacuum  chamber 
has  revolutionized  the  design  of  accelerator  vacuum 
systems.  The  NEG  film  brings  pumping  to  sources  of 
gas-loads;  it  provides  distributed  pumping  in  a  space- 
limited  environment  and  has  a  very  low  outgassing  rate 
and  a  low  secondary  electron  emission  yield  [3].  The 
NEG  thin  films  have  been  employed  in  many  aecelerator 
systems  [4]  with  very  successful  vacuum  performances. 

As  part  of  the  R&D  efforts  for  the  ERL  project,  we 
studied  the  pumping  performance  of  the  Titanium- 
Zirconium- Vanadium  (TiZrV)  NEG  thin  films,  deposited 
on  the  interior  of  stainless  steel  (SST)  pipes.  The  TiZrV 
coating  has  the  attractive  feature  [2]  of  a  low  activation 
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temperature.  One  of  the  aims  of  the  study  is  to  provide 
vacuum  ‘engineering’  data  for  designing  vacuum  systems 
using  such  NEG  thin  films. 

NEG  THIN  FILM  DEPOSITION 

The  TiZrV  NEG  films  are  deposited  onto  the  interior 
wall  of  SST  tubes,  using  a  DC  Magnetron  Sputtering 
technique.  The  deposition  system  is  shown  in  Figure  1. 
The  SST  tube  (with  an  outer  diameter  of  4-in,  welded 
between  two  6-inch  Con-Flat  flanges)  to  be  coated  is 
mounted  onto  a  6-inch  six-way  cross.  The  deposition 
system  is  pumped  by  an  80  1/s  turbo-molecular  pump 
(TMP).  The  sputtering  cathode,  formed  by  twisting 
together  1-mm-diameter  titanium,  zirconium  and 
vanadium  wires,  is  connected  to  an  SHV-type  vacuum 
feedthrough  at  the  top,  and  to  a  ceramic  standoff  at  the 
bottom  via  a  SST  spring.  UHP  argon  gas  is  introduced 
into  the  sputtering  system  through  an  adjustable  leak 
valve.  The  Ar  flow  rate  and  pressure  in  the  sputtering 
chamber  are  adjusted  using  the  leak  valve  and  a  gate  valve 
located  between  the  sputtering  chamber  and  the  TMP. 
The  Argon  discharge  is  ignited  and  sustained  by  a  DC 
voltage  applied  to  the  cathode  and  a  magnetic  field 
generated  by  a  coaxial  solenoid  coil.  The  typical 
sputtering  parameters  are:  600-V  cathode  voltage,  200-G 
solenoid  field,  2x10'^  torr  Ar  pressure  and  30-mA 
sputtering  current. 


Figure  1.  NEG  Film  Deposition  System 

The  NEG  film  composition  and  deposition  rates  are 
measured  using  Rutherfield  Backscattering  Spectrometry 
(RBS).  In  the  RBS  measurements,  the  NEG  thin  film  is 
deposited  on  12  silicon  samples,  at  various  distances  from 
the  cathode  for  various  sputtering  durations,  as  shown  in 
Fig.l.  The  RBS  results  from  these  silicon  samples 
showed  a  NEG  film  relative  composition  of  Tii.osVi.gsZr 
and  a  film  deposition  rate  of  0.10-pm/hr  on  the  inner  wall 
of  the  4-inch  SST  tube.  After  the  RBS  calibration  runs, 
two  flanged  SST  tubes  were  coated  with  NEG  film  with  a 
thickness  of  0.6|xm  and  2.0pm  respectively. 
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NEG  FILM  PUMPING  PERFORMANCE 

The  vacuum  pumping  performance  of  the  NEG  thin 
films  on  the  two  SST  tubes  was  measured  using  a  setup 
depicted  in  Figure  2.  The  NEG-coated  tube  is  connected 
to  a  TMP  through  a  0.25”  diameter  orifice.  Calibrated 
leaks  are  used  to  introduce  test  gases  into  the  system.  The 
pressures  above  (Pj)  and  below  (Pj)  the  orifice  are 
measured  using  inverted  magnetron  cold  cathode  gauges. 
A  residual  gas  analyzer  (RGA)  is  also  installed  to  the 
system.  After  an  initial  pump-dovra,  the  apparatus  was 
baked  out  at  150°C  for  48  hours. 
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Figure  2.  Apparatus  for  NEG  Film  Pumping  Tests 

The  pumping  speed  and  pumping  capacity  of  the  two 
NEG  films  are  measured  for  the  two  test  gases;  hydrogen 
and  carbon  monoxide.  The  coated  SST  tube  is  heated  to 
various  activation  temperatures  (Tan)  for  durations  (tad)  of 
24-,  48-  or  72-hours.  The  test  gas  is  introduced  into  the 
system  after  the  NEG-coated  tube  has  cooled  down  to 
ambient  temperature  and  the  pressures  (Pi  and  P2)  are 
subsequently  recorded  until  the  NEG  film  is  fully 
saturated.  The  pumping  speed  of  the  NEG  film,  S^eg,  can 
be  calculated  from  the  measured  Pi  and  P2  using: 

(1) 

C 

where2,,„,  is  the  leak  rate  of  the  testing  gas  (2.37x10’^  for 
H2  and  1.73x10"’  torr*liter/sec  for  CO),  and  C  is  the  gas 
conductance  of  the  orifice. 


=  (2) 
The  effect  of  activation  duration  on  the  pumping  speed 
and  capacity  for  the  0.6pm  NEG  film  activated  at  350°C 
is  shown  in  Figure  5.  A  similar  trend  is  observed  for  the 
2pm  NEG  film. 
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Figure  4.  CO  pumping  speed  vs.  pumped  CO  at  various 
activation  temperatures,  Tad,  (48-hour  duration). 


The  effect  of  tad  on  the  pumping  is  also  shown  in 
Figure  5.  The  pumping  of  CO  is  relatively  insensitive  to 
tad.  The  results  in  Figs  3,  4  and  5  indicate  that  the  NEG 
films  can  be  fully  activated  at  Tad>350°C  with  tac^48  hr. 


Figure  5.  NEG  film  pumping  speed  at  three  activation 
durations,  tad,  (Tad=350°)  for  the  0.6pm  thick  NEG  film 


DISCUSSION 

The  vacuum  pumping  performance  of  the  NEG  thin 
films  can  be  evaluated  from  the  initial  pumping  speed.  So, 
(after  each  activation)  and  its  pumping  capacity. 


Figure  3.  H2  pumping  speed  vs.  pumped  H2  at  various 
activation  temperatures,  Taa,  (48-hour  duration). 

The  pumping  speed  measured  (normalized  by  NEG- 
coated  area,  -989  cm^)  for  H2  and  CO  are  plotted  as  a 
function  of  the  pumped  gas  load,  Qpumped,  in  Figures  3  and 
4,  at  various  T^d  for  the  48-hour  duration.  Qpumped  was 
calculated  using; 


Figure  6  So  of  CO  and  H2  vs.  Tad  for  both  NEG  films. 

Using  data  shown  in  Figures  3  and  4,  the  dependence  of 
So  of  CO  and  H2  on  the  Tad  is  plotted  (Figure  6)  for  both 
the  0.6  and  2.0  pm  NEG  films.  The  So  of  a  gas  depends 
on  the  reactivity  of  the  NEG  surface  to  the  gas,  and  on  the 
effective  surface  area  (or  surface  roughness).  This 
dependence  is  less  important  for  CO  than  for  H2. 
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While  increases  slowly  with  increasing  Tad,  a 
significantly  higher  S"’  can  be  achieved  with  Tad>250°C. 
Higher  So  is  observed  on  the  2\im  NEG  film  than  on  the 
0.6nm  NEG  film  for  both  CO  and  H2  at  tested  Tad-  This 
increase  in  So  on  the  thicker  NEG  film  is  most  likely  due 
to  a  corresponding  increase  in  surface  roughness.  This  is 
indicated  by  being  nearly  a  constant  at  all  Tad 

for  both  test  gases. 


Figure  7.  Pumping  capacity  (see  test)  of  CO  and  H2  vs. 

Tad  for  both  NEG  films. 

Pumping  capacity  of  the  NEG  film  may  be  defined  as 
the  total  amount  of  gas  adsorbed  (or  pumped)  by  the  film, 
Qiotai,  for  the  pumping  speed  to  drop  from  So  to  a  lower 
value,  Sf.  Data  in  Figs.  3  and  4,  and  (arbitrarily) 
defining  5™  =0.1  l/s«cm^  and  5'"'  =0.01  l/s•cm^  gave  the 

dependence  of  Q,o,ai  on  Tac  in  Fig.  7  for  CO  and  H2.  The 
results  show  that  (1)  a  significant  gain  in  pumping 
capacity  for  CO  and  H2  is  obtained  with  Ta„>250°C;  and 

(2)  a  much  higher  pumping  capacity  is  measured  on  the 
thicker  NEG  film  for  both  CO  and  H2.  The  pumping 
capacity  for  H2  is  orders  of  magnitude  larger  than  that  for 
CO,  due  to  different  pumping  mechanism  for  CO  and  H2 
[5].  CO  molecules  are  only  chemically  adsorbed  onto  the 
NEG  surface  and  this  is  irreversible.  But  the  pumping  of 
H2  is  completely  reversible  [5].  At  RT,  hydrogen 
molecules  dissociate  on  the  NEG  surface  and  the  atomic 
hydrogen  then  diffuses  into  the  NEG  film.  The  dissolved 
hydrogen  atoms  recombine  on  the  surface  and  desorb  as 
gas  molecules  when  the  NEG  is  heated  during  activation. 

While  the  CO  pumping  capacity  depends  on  surface 
condition  of  the  NEG  film,  the  H2  pumping  capacity 
depends  on  the  NEG  film’s  bulk  properties,  such  as 
hydrogen  solubility  of  the  NEG  film  and  the  residual 
hydrogen  content  in  the  NEG  film  after  activation. 

The  hydrogen  solubility  of  the  NEG  films  is  estimated 
by  calculating  the  ratio in  which  2™  is 

the  total  Hj  pumped  by  a  fully  activated  NEG  film  and 
"mg  is  the  NEG  atomic  density  measured  by  RBS.  The 
measured  maximum  is  -14.2%  and  -15.1%  for  the 

0.6pm  and  2.0pm  NEG  films  respectively. 

To  demonstrate  the  effect  of  residual  H  content  on 
hydrogen  pumping  capacity,  we  measured  the  amount  of 
hydrogen  desorbed  during  activation  from  a  NEG  film 
fully  saturated  with  hydrogen,  at  a  given  Tan,  and 
compared  that  to  the  amount  of  H2  pumped  subsequently. 


The  results  (Figure  8)  clearly  indicate  the  correlation 
between  the  H2  desorbed  from  the  NEG  film  during  the 
activation  and  the  H2  pumping  capacity. 
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Figure  8.  Amount  of  desorbed  H2  during  activation  and 
amount  of  pumped  H2  as  function  of  Tad. 

To  illustrate  the  depletion  of  hydrogen  from  a  saturated 
NEG  film,  deuterium  was  used  to  saturate  a  fully 
activated  (72  hr  at  400°C)  NEG  film.  The  measured  D2 
pumping  speed  curve  is  very  similar  to  that  for  H2  shown 
in  Fig.3.  The  D2-saturated  NEG  film  is  then  activated  and 
traces  of  major  RGA  peaks  during  the  activation  are 
shown  in  Figure  9.  The  depletion  of  sorbed  D2  is  evident. 
The  observed  steady  H2  desorption  most  likely  originates 
from  hydrogen  in  the  substrate  SST,  which  diffused  into 
the  NEG  film  and  then  desorbed  from  NEG  surface  at  the 
activation  temperatures. 


Figure  9.  D2  Desorption  from  NEG  film  during  activation 


CONCLUSION 

TiZrV  NEG  thin  films  were  deposited  onto  SST  pipe 
via  DC  magnetron  sputtering.  The  NEG  films  were 
characterized  using  RBS.  Factors  that  affect  the  vacuum 
pumping  performance  of  the  thin  films  were  investigated 
to  provide  ‘engineering’  data  for  vacuum  system  design. 
Vacuum  pumping  is  observed  at  activation  temperature  as 
low  as  150°C.  Activation  above  250°C  will  significantly 
enhance  the  pumping  performance  of  the  NEG  thin  films 

The  authors  would  like  to  thank  Dr.  Revesz  of  Cornell 
High  Energy  Synchrotron  Source  for  helping  RBS 
measure-ments,  and  to  thank  Mr.  Tim  Giles  of  DEEP 
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pumping  tests. 
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A  NEW  KIND  OF  BEAM  PIPE 
FOR  RAPID  CYCLING  PROTON  SYNCHROTRONS 

Zhijing  Tang*,  Weiren  Chou*,  Alex  Chen*,  FNAL,  Batavia,  IL  605 10,  USA 


Abstract 

A  thin  metallic  beam  pipe  reinforced  by  multi-layer 
spiral  metallic  ribs  is  proposed  for  rapid  cycling  proton 
synchrotrons.  The  pipe  is  made  of  Inconel  718  with 
thickness  of  a  few  tenths  of  mm.  Each  spiral  rib  has  a 
cross  section  of  about  0.3  mm^  and  can  be  bonded 
to  the  pipe  by  using  laser  deposition  technique  (e.g., 
precision  metal  deposition,  or  PMD).  Compared  with 
other  designs  (e.g..,  ceramic  beam  pipe  with  a  metallic 
cage  used  in  the  ISIS  at  the  RAL),  this  new  pipe  will 
reduce  the  magnet  aperture  significantly,  which,  in  turn, 
reduces  the  constmction  and  operating  cost  of  a 
synchrotron.  Numerical  simulations  and  analytical 
modeling  are  used  to  investigate  the  stmctural  strength 
and  deformation,  and  the  eddy  current  effects,  including 
heating,  magnetic  field  distortion  and  the  electro-magnetic 
force  on  the  beam  pipe.  The  results  show  that  this  new 
beam  pipe  will  work.  It  can  be  employed  to  high  intensity 
rapid  cycling  proton  synchrotrons,  such  as  the  proton 
driver  at  FERMILAB  and  the  JHF  at  JAERI/KEK.  Effort 
to  build  a  prototype  is  under  way. 


THE  BEAM  PIPE 

The  cross  section  of  the  proposed  beam  pipe  is  6  inch 
by  4  inch  oval  with  thickness  of  0.008  inch.  The  material 
is  Inconel  718.  The  laser  precision  metal  deposition 
(PMD)  method  will  be  used  to  put  a  spiral  rib  (same 
material  with  18  mils  height  and  28  mils  width  can  be 
applied  repeatedly)  around  the  tube  to  increase  its  strength 
against  buckling.  We  select  10  layers  of  reinforcement 
(hence  the  total  height  of  the  rib  is  0.18  inch)  and  the 
pitch  of  the  rib  is  set  to  1  inch.  Some  relevant  material 
properties  of  Inconel  718  are:  tension  modules  E  -  29e6 
psi,  yield  strength  oy  =  171e3  psi,  ultimate  strength  = 
196e3  psi,  electric  resistivity /I  =  125e-8  ohm-m. 

The  beam  pipe  is  subject  to  some  loads.  Mechanically 
there  is  a  vacuum  pressure,  and  electro-magnetically  there 
is  a  time  varying  magnetic  field: 

B""  =  0.85-0.632  cos  (tyf)-F  0.079  sin(2tyf), 

where  w  =  2nf ,  and  /=  15  Hz.  This  magnetic  field  is 
perpendicular  to  the  major  axis  of  the  beam  pipe  cross 
section. 


*  Work  supported  by  the  US  Department  of  Energy 
under  contract  No.  DE-AC02-76CH03000. 


Vacuum  pressure  is  simple  to  analyze,  but  the  effects  of 
the  time  vary  magnetic  field  is  complex.  We  have  to 
consider  the  eddy  current,  eddy  current  induced  magnetic 
field  and  power  loss,  and  electro-magnetic  force. 


STRUCTURAL  MODEL 

For  stmctural  analysis,  we  made  a  six  inch  finite 
element  model.  The  only  load  considered  here  is  the 
vacuum  pressure  of  14.5  psi.  Electro-magnetic  force  will 
be  discussed  later.  The  boundary  conditions  are:  =  0  at 
z  =  0;  Mx  =  0  at  ;r  =  0  and  z  =  0;  Uy  =  0  at  y  =  0  and  z  =  0. 

Fig.  1  shows  the  maximum  equivalent  stress  of  144  ksi. 
This  maximum  occurs  near  the  end.  If  we  look  at  the 
middle  section  of  the  model,  which  is  more  typical,  we 
have  maximum  stress  of  130  ksi.  So  we  take  130  ksi  as 
the  maximum  stress  in  the  vacuum  tube.  Check  the 
maximum  stress  against  the  ASME  pressure  vessel  code 
[1],  which  gives  the  limiting  stress  about  170  ksi,  we 
found  out  that  this  number  is  OK. 


Figure  1.  FEA  stmctural  model,  stress  plot 


Fig.  2  shows  the  deformation  of  the  beam  pipe  under 
vacuum  pressure.  For  clarity,  reinforce  rib  is  not  plotted. 
The  major  radius  extends  0.055  inch  (1.40  mm),  and  the 
minor  radius  shrink  0.089  inch  (2.26  mm). 

From  these  results,  we  see  that  the  proposed  beam  pipe 
will  survive  the  vacuum  pressure.  The  only  thing  not  so 
perfect  is  that  the  deformation  is  a  little  too  big.  To 
achieve  required  tube  shape  under  vacuum  condition,  the 
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beam  pipe  initially  can  be  made  with  smaller  major  radius 
and  larger  minor  radius. 


ELECTRO-MAGNETIC  EFFECTS 

Since  the  beam  pipe  is  made  of  metal,  time  varying 
external  magnetic  field  will  induce  eddy  current.  This 
eddy  current  will  have  two  effects;  distort  the  external 
field  and  cause  power  loss. 

For  a  single  spiral  rib,  an  argument  based  on  symmetry 
will  lead  to  the  conclusion  that  the  eddy  current  caused  by 
the  spiral  rib  is  negligible  compared  with  the  beam  pipe 
itself  [2],  Once  we  have  this  conclusion,  the  analysis  of 
the  eddy  current  effects  is  easy.  For  oval  beam  pipe  of 
infinite  length,  analytic  solution  can  be  found  [2]. 
However,  for  completeness,  we  made  a  finite  element 
model,  and  did  some  harmonic  analysis.  The  results  are 
compared  with  the  analytic  results. 

For  electro-magnetic  analysis,  we  model  only  the  beam 
pipe  without  the  reinforce  rib.  Use  3-d  element,  we  made 
a  quarter  model.  The  model  length  is  1  inch.  The  inside 
and  outside  are  filled  with  vacuum  and  air.  elements.  Since 
the  effect  is  linear,  we  can  analyze  the  15  Hz  field  and  30 
Hz  field  separately.  The  constant  field  has  no  eddy  current 
effect. 

For  15  Hz  field,  Bj  =  0.632  T,  calculated  power  loss  is 
1.957  w,  for  30  Hz  field,  B2  =  0.632/8  T,  power  loss  is 
0.122  w.  Add  together,  we  have  2.079  w  power  loss  for 
our  model.  Remember  our  model  is  a  quarter  model,  so 
the  total  power  loss  should  be  8.316  w/in,  or  327  w/m. 
This  number  compare  well  with  the  analytical  result, 
which  is  323  w/m. 

Now  consider  the  magnetic  field  inside  the  vacuum 
tube  on  y  =  0  plane.  The  results  show  that  the  magnitudes 
are  almost  exactly  the  same  as  that  of  the  applied  external 


fields,  and  the  lag  angles  are  extremely  small.  That  is  to 
say,  that  the  magnetic  field  distortion  due  to  eddy  current 
is  extremely  small.  Therefore,  no  correction  will  be 
needed.  The  analytic  results  are:  The  ratio  of  magnetic 
field  induced  by  the  eddy  current  to  the  external  field  is 
0.613e-3  for  15  Hz  field  and  1.227e-3  for  30  Hz  field. 

The  electro-magnetic  force  is  calculated  analytically.  It 
is  a  time  changing  quantity.  We  integrate  the  total  force 
acting  on  a:  >  0  half  beam  pipe 

F  =  1.462  SB 

The  Maximum  value  of  this  function  is  110  N/m. 
Compare  this  with  the  total  force  caused  by  the  vacuum 
pressure,  which  is  10157  N/m.  We  have  the  result  that  the 
former  is  about  1%  of  the  later.  Therefore  when  we  did 
the  structural  analysis  by  neglecting  the  magnetic  force, 
the  error  will  be  about  1  %. 


CONCLUSIONS 

In  summary,  we  restate  the  main  results  of  the  analysis 
in  following:  1)  The  maximum  stress  in  beam  pipe  under 
vacuum  pressure  is  144  ksi.  2)  The  deformation  extends 
major  radius  1.40  mm,  and  shrinks  the  minor  radius  2.26 
mm.  3)  The  power  loss  under  considered  magnetic  field  is 
327  w/m.  4)  The  eddy  current  induced  magnetic  field  can 
be  neglected  compared  with  the  external  field.  5)  The 
electro-magnetic  force  can  be  neglected  compared  with 
the  vacuum  pressure. 

From  this  study,  we  know  that  the  proposed  beam  pipe 
should  work,  at  least  in  theory.  The  problems  will  occur 
during  manufacturing  process,  there  the  imperfections 
will  be  introduced.  Some  degree  of  damage  to  the  tube 
material  will  be  unavoidable.  Since  this  tube  is  so  thin,  the 
final  strength  of  the  beam  pipe  will  completely  depend  on 
the  perfection  of  the  manufacture  techniques,  therefore 
prototype  study  is  needed. 


REFERENCES 

[1]  ASME,  Pressure  Vessel  Code  (1995),  Section  VIII, 
Division  2. 

[2]  Z.  Tang,  A  New  Kind  of  Vacuum  Tube  for  Proton 
Driver  (2002),  FERMILAB-TM-21 18 


624 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


ACCELERATOR  AVAILABILITY  AND  RELIABILITY  ISSUES* 

S.  Suhring,  Jefferson  Lab,  Newport  News,  VA  23606,  USA 


Abstract 

Maintaining  reliable  machine  operations  for  existing 
machines  as  well  as  planning  for  future  machines’ 
operability  present  significant  challenges  to  those 
responsible  for  system  performance  and  improvement. 
Changes  to  machine  requirements  and  beam 
specifications  often  reduce  overall  machine  availability  in 
an  effort  to  meet  user  needs.  Accelerator  reliability  issues 
from  around  the  world  will  be  presented,  followed  by  a 
discussion  of  the  major  factors  influencing  machine 
availability. 

INTRODUCTION 

“7%e  people  at  the  other  end  of  the  machine  must  be 
happy.  ”  This  quote  by  Hamid  ATt  Abderrahim  [1]  of  the 
Centre  d’Etude  de  I’Energie  Nucleaire  is  both  broad  and 
true.  No  matter  which  large  aecelerator  one  considers — 
from  synchrotron  light  sources,  which  have  many  dozens 
of  simultaneous,  short-run  users,  to  high  energy  machines 
like  Fermi’s  Tevatron  with  experiments  that  run  for  years, 
to  recirculating  CW  superconducting  machines  like 
Jefferson  Lab’s  electron  accelerator,  to  machines 
presently  under  construction  like  the  Spallation  Neutron 
Source — happy  people  are  the  result  of  machine 
performance  at  a  level  that  satisfies  all  of  the  affiliated 
parties. 

Machines  are  built  with  a  number  of  specific  goals  in 
mind,  of  which  availability  is  just  one.  Other  goals  such 
as  energy,  luminosity,  number  of  users,  and  throughput  of 
research  are  just  as  likely  to  be  sacrificed  once  the  reality 
of  operation  settles  in.  For  an  experimentalist,  beam 
energy  might  be  sacrificed  in  order  to  keep  the  integrated 
beam  delivery  time  /  luminosity  high.  For  a  lab  manager 
with  a  limited  budget,  beam  time  might  be  sacrificed  to 
reduce  power  bills,  maintenance  deferred  to  lengthen 
machine  run  time,  or  spare  parts  inventories  depleted.  For 
the  technical  staff,  documentation  and  system 
performance  may  never  reach  the  intended  level  of 
excellence. 

This  paper  will  look  at  some  of  the  common  issues  that 
affect  the  availability  of  existing  large  machines,  and  it 
may  serve  to  help  future  projects  in  their  planning,  design, 
construction,  and  commissioning. 

RECORD  KEEPING 

“A  major  difference  between  a  ‘well  developed’  science 
such  as  physics  and  some  of  the  less  'well  developed’ 
sciences  such  as  psychology  or  sociology  is  the  degree  to 
which  things  are  measured.  "  Fred  S.  Roberts  [2] 

Accurate  record  keeping  of  problems  that  interfere  with 
beam  delivery  is  central  to  keeping  a  machine  operating 
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well  and  making  improvements  to  performance.  These 
records  should  be  started  at  the  beginning  of  the 
commissioning  stage  and  should  be  made  available  to 
anyone  interested  in  the  information.  The  machine 
operations  group  is  the  logical  choice  for  record  keeping 
and  high-level  analysis  of  lost  time  events.  Recording  a 
problem  should  be  easy,  and  each  event  description 
should  include  actual  times,  duration,  system,  component, 
cause,  and  additional  comments  describing  the  event  in 
detail. 

Of  course,  some  of  this  information  may  be  incorrect  as 
initially  recorded,  so  a  filtering  of  the  information  should 
take  place.  Such  filtering  should  be  done  by  a 
knowledgeable  staff  member  who  is  familiar  with  all 
aspects  of  the  machine  and  who  has  reasonable 
negotiating  skills  so  that  allocation  of  lost  time  can  be 
fairly  attributed.  System  owners  should  also  be  able  to 
check  regularly  on  their  own  system’s  lost  time  so  that  if 
corrections  to  the  records  are  needed,  they  can  be  made. 

The  approach  taken  at  Jefferson  Lab  is  to  record  any 
and  all  system  failures.  This  method  is  not  universally 
used  at  other  labs.  JLab’s  philosophy  is  to  keep  Tuck’ 
from  entering  into  the  discussion.  If  a  system  is  down  and 
another  component  fails,  then  both  items  have  lost  time 
recorded.  This  approach  to  lost  time  bookkeeping  should 
not  be  confused  with  the  Department  of  Energy  contract 
metrics  for  beam  delivery.  The  first  identifies  breakdowns 
or  unacceptable  performance;  the  second  revolves  around 
beam  delivery  time  accounting.  By  recording  all  failures, 
honest  assessments  of  overall  system  performance  can  be 
made  and  used  for  resource  allocation  decisions. 

Early  efforts  to  combine  downtime  information  from 
laboratories  around  the  world  took  place  in  the  mid  1990s. 
[3]  This  attempt  at  data  compilation  was  done  to  improve 
information  exchange  and  to  aid  in  the  design  effort  of 
proposed  machines.  RAM  (Reliability,  Availability, 
Maintainability)  studies  were  commonly  discussed  and  to 
a  lesser  level  still  are.  [4]  However,  projected 
performance  of  future  machines  based  on  an  extrapolation 
of  existing  machine  reliability  has  certain  inherent  flaws. 
Most  importantly,  the  amount  of  data  available  is 
insufficient  to  make  availability  estimates.  [5]  Also,  the 
generalization  of  system  performance  doesn’t  often 
overlay  with  the  exotic  nature  and  size  of  new  machines. 
The  revitalization  of  a  worldwide  reliability  database  is 
recognized  as  an  important  activity,  and  efforts  are 
underway  at  the  European  Synchrotron  Radiation  Facility 
(ESRF)  to  develop  just  such  a  resource.  [6] 

Reliability  theory  relies  on  sound  mathematical 
processes  where  Mean  Time  Between  Failure  (MTBF) 
and  other  terms  can  be  measured,  manipulated,  plotted, 
and  studied.  [7]  A  typical  visual  representation  of 
reliability  theory  is  the  bathtub  curve,  wherein  a 
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component  will  have  a  high  number  of  failures  early  in  its 
life  (startup  problems  or  infant  mortality),  settle  into  a 
much  lower  failure  rate  during  its  useful  lifetime,  and 
then,  near  the  end  of  its  useful  life,  the  component  group 
will  begin  to  degrade  (see  Figure  1). 


time  (houfsi 


Figure  1:  Bathtub  curve. 

The  complexity  of  modem  machines  with  hundreds  of 
klystrons,  thousands  of  magnets,  tens  of  thousands  of 
cable  connections,  and  hundreds  of  thousands  of  control 
points  does  not  easily  allow  for  in-depth  mathematical 
analysis  for  improving  machine  performance. 

PRACTICAL  RELIABILITY 

‘‘In  a  linear  collider,  all  systems  from  injectors  to  beam 
dumps  must  be  fully  operational  on  every  pulse.  ” 

ILC-TRC  [8] 

Who  in  our  field  would  wait  for  a  large  enough 
statistical  sample  of  failures  before  deciding  on  a  course 
of  action  to  improve  the  system  in  question?  One  failure 
is  a  point  event.  Two  points  imply  a  trend.  By  the  time  a 
problem  occurs  for  a  third  time,  the  trend  is  well 
established  and  will  not  go  away.  The  RF  system 
engineers  at  Paul  Scherrer  Institut  (PSI)  analyze  each  and 
every  failure.  [9]  This  requires  a  significant  investment, 
both  in  people’s  time  and  in  data  acquisition  tools,  but  it 
has  allowed  PSI  to  quickly  respond  to  problems  and  raise 
the  reliability  of  their  RF  system  to  extraordinary  levels. 

Another  means  for  improving  reliability  is  to  build 
enough  redundancy  into  the  system  so  that  a  certain 
number  of  failures  do  not  interfere  with  machine 
performance.  Experience  has  shown  that  when  additional 
RF  overhead  is  available,  experimentalists  will  lobby  for 
higher  energy .  This  puts  machine  availability  in  jeopardy. 
It  also  highlights  the  difficult  decisions  that  are  made 
when  trying  to  meet  the  needs  of  a  user  community. 

There  is  no  equation  that  can  be  used  to  calculate  the 
risk/benefit  ratio  for  the  institutional  decision  to  push  a 
machine  to  higher  performance  goals.  Often  the  opposite 
is  true:  performance  goals  are  relaxed  in  order  to  allow  for 
more  stable  machine  operation.  [10] 


COMMON  PROBLEMS 

“There  are  a  large  number  of  things  that  can  go  wrong.  ” 
Roger  Erickson  [1 1] 

If  we  begin  to  look  at  common  problems  among 
machines  worldwide,  a  number  of  similarities  emerge,  not 
all  of  which  can  be  discussed  in  this  publication. 

Water 

Whether  it  be  frozen  pipes  [12,  13],  blocked  flow  [14, 
15],  failed  hoses  [16],  erosion  of  fittings  [17],  or  the 
interaction  of  dissimilar  metals  [18],  water  and  its 
handling  rank  high  among  ‘simple’  systems  that  are  a 
major  source  of  lost  time.  Low  Conductivity  Water 
(LCW)  and  Deionized  Water  (DI)  are  often  used 
interchangeably,  and  for  this  paper  the  distinction  is 
urfimportant. 

If  a  perfect  water  system  were  to  be  designed,  it  would 
meet  the  specifications  needed  to  provide  adequate 
cooling,  have  redundancy  in  its  pumps,  and  have  the 
necessary  monitoring  to  anticipate  failures.  And  it  would 
work  from  the  start.  The  diabolical  aspect  of  LCW 
problems  is  that  they  are  often  unseen  until  too  late. 

As  an  example,  the  original  LCW  plant  at  Jefferson  Lab 
was  constructed  with  iron  body  pumps  and  steel  feed 
tanks.  It  operated  without  conductivity  controls,  relying 
on  a  10%  side  stream  through  DI  bottles.  It  operated  for 
~I  year  before  magnets  began  to  overheat  due  to  clogged 
coils.  Samples  were  taken,  and  large  concentrations  of 
iron  oxides  were  found.  Conductivity  monitoring  and 
controls  were  installed  and  the  iron/steel  components 
replaced  with  stainless  steel.  Set  points  of  2  Mfl,  95‘’F 
±0.5  F  were  established  for  the  two  2000  gpm  systems. 

Eight  years  later,  the  magnets  again  began  to  overheat 
due  to  clogged  coils.  The  sample  analysis  indicated 
copper  oxides.  The  source?  Oxygen  levels  within  the 
water  system  were  at  their  worst  possible  levels 
(~200ppb)  and  were  reacting  with  the  copper  cooling 
coils  (see  Figure  2).  [19] 


Fig.  2.  Influence  of  dissolved  oxygen  on  copper  release 
rate.  [20] 
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The  solution?  Installation  of  a  de-oxygenation  system  to 
bring  the  concentration  down  to  <10  ppb,  full  flow  0.5 
micron  filters,  and  hot  citric  acid  etching  and  water 
flushing  of  the  magnet  coils  to  remove  any  built  up 
material.  Additionally,  LCW  system  entry  procedures 
were  revised  to  require  significant  flushing  and  purging  of 
all  air  prior  to  returning  to  normal  flow  circulation. 

Buildings 

"Infrastructure,  although  of  minor  importance  in 
scientific  minds,  plays  a  non-negligible  role  .  .  .” 
Managing  Science  [21] 

In  machine  enclosures  and  their  service  buildings,  the 
lighting  should  be  of  high  quality  to  promote  good  quality 
work.  Furthermore,  buildings  should  be  equipped  with  air 
conditioning.  This  might  be  considered  an  extravagance, 
but  when  viewed  as  a  reliable  method  of  controlling  the 
largest  sources  of  premature  electronics  failure — heat, 
humidity,  and  dust — air  conditioning  becomes  a 
necessity.  Also,  improved  work  conditions  foster  better 
quality  technician  performance,  especially  during  the 
installation  and  commissioning  stage  of  projects. 
Retrofitting  buildings  for  air  conditioning  can  be  difficult. 
Conduit,  cable  trays,  fire  headers,  and  cooling  water  lines 
may  limit  air  distribution  options. 

Electricity 

Budget  considerations  and  machine  performance  goals 
figure  prominently  when  considering  site  power.  The 
~6  Me  capital  outlay  at  ESRF  resulted  in  an  increase  in 
availability  from  95%  to  98%  with  the  installation  of  10 
1  MVA  diesel  engines  and  their  associated  controls, 
switches,  and  conditioners.  [22]  In  addition  to  providing  a 
more  regular  source  of  electricity,  damage  to  equipment 
from  power  interruptions  was  greatly  reduced. 

If  a  real  time  backup  power  system  isn’t  part  of  a  power 
plan,  then  multiple  power  feeds  onto  a  site  will  provide  a 
quick  means  of  restoring  necessary  services  in  the  event 
of  a  supply  problem.  Finally,  a  robust  site  power 
distribution  plan  is  incomplete  imless  the  electrical 
substations  are  on  loops  that  allow  for  “make  before 
break”  switching  of  feeds. 


Figure  3:  Filter  and  fan  trays  obstructed  by  cables. 


Fans,  Filters,  and  Cables 

On  a  smaller  scale,  other  seemingly  simple  items  that 
have  caused  significant  lost  time  are  fans,  filters  and 
cables.  Crate  filters  require  periodic  cleaning  and  small 
fans  fail  after  3-4  years.  Problems  arise  when  components 
are  not  easily  serviced.  With  real  estate  in  electronics 
racks  at  a  premium,  the  tendency  is  to  make  designs  as 
compact  as  possible,  sometimes  to  the  detriment  of 
serviceability.  Poor  cable  runs  or  the  need  to  otherwise 
disassemble  equipment  may  impede  routine  maintenance. 
There  is  the  potential  to  create  new  problems  by  simply 
disturbing  the  equipment.  [23]  Sufficient  rack  space  and 
selection  of  maintainable  equipment  is  important  to  being 
able  to  keep  systems  operational  (see  Figure  3). 

Electronics 

At  the  board  level,  consideration  should  be  given  to  the 
use  of  chip,  trim,  and  low  temperature  coefficient 
precision  resistors  [24]  where  small  magnet  power  supply 
regulation  is  crucial.  Board  standardization  and 
interchangeability  can  significantly  improve  machine 
reproducibility  and  reduce  set  up  time.  JLab  corrector 
magnet  power  supplies  all  regulate  to  ±2  mA  (see 
Figure  4). 


Figure  4;  Analog  block  layout. 


Software 

Though  component  selection  plays  a  large  role  in 
machine  performance,  understanding  and  controlling  the 
devices  may  be  even  more  critical.  Picture  a  magnet 
mapping  test  area.  Early  in  a  project,  detailed 
measurements  of  magnet  performance  are  made.  Were  the 
measurements  made  using  the  machine’s  power  supplies 
and  control  software?  Was  the  hysteresis  protocol  even 
known  when  the  mapping  took  place?  Will  the  control 
system  used  to  run  the  mapping  test  stand  have  the  same 
timing  and  sequencing  as  the  operational  machine?  Will 
the  magnetic  field  in  the  test  Stand  be  the  same  as  that 
seen  by  the  beam?  The  answers  to  these  questions  will  in 
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large  part  determine  the  time  it  takes  to  set  up  machines 
that  require  frequent  energy  changes. 

Other  software  issues  such  as  file  management,  speed 
(control  system  response  time),  and  channel  access 
security  seem  to  be  so  integrally  meshed  with  hardware 
that  they  are  especially  difficult  to  assess  when  problems 
arise.  If  the  focus  of  machine  availability  were  solely  on 
hardware,  then  components  could  be  designed  toward 
perfection.  Software  has  interdependencies  between 
programs,  applications,  signals,  and  displays  and  is  of 
such  importance  to  operations  that  well  regulated  version 
controls  are  essential  to  machine  availability.  Test  plan 
implementation  should  include  roll  back  or  back  out 
procedures  that  are  quick,  clean,  and  well  documented. 
High  Level  Applications  involving  energy,  phase,  and 
beam  position  are  so  closely  interconnected  that  it  can  be 
difficult  to  assess  problems  in  beam  stability  that  result 
from  the  interaction  of  feedback  loops. 

Commissioning 

Long-term  machine  performance  can  be  enhanced  with 
early  beam  commissioning  tests.  These  studies  can  help 
identify  design  flaws  and  weed  out  component  problems. 
Furthermore,  the  startup  period  can  be  used  to  develop 
procedures  for  safe,  efficient  operations.  [25]  A  staged 
commissioning  plan  may  require  temporary  radiation 
shielding  walls  and  access  control  equipment.  It  may  also 
need  to  address  life  safety  issues  of  egress.  But  early 
beam-based  tests  provide  an  opportunity  to  develop  a 
conduct-of-operations  protocol,  train  operators  and 
support  staff,  get  documentation  in  order,  and  test 
software  applications. 

Machine  Tuning 

Machine  setup  and  tuning  is  scheduled  following 
planned  shutdowns  and  maintenance  periods.  But  when 
equipment  or  software  is  underperforming,  lost  time  from 
tuning  can  be  significant.  Diagnostic  tools  to  check 
equipment,  control  system  performance,  and  beam  quality 
will  play  prominently  in  identification  of  system 
degradation.  Monitoring  tools  are  often  integrally  linked 
to  the  beam — identifying  a  problem  might  rely  on  the 
components  causing  the  problem.  Tune  time,  like  other 
interruptions  to  beam  delivery,  should  be  tracked, 
analyzed,  and  acted  upon,  leading  to  improved 
availability. 

CONCLUSION 

"It  is  a  true  wonder  that  they  run  at  all.  " 

Sture  Hultqvist  [26] 

Our  machines  run  quite  well,  considering  the 
complexity  of  the  systems  and  the  demands  placed  upon 
them  by  the  user  community.  Hardware  availabilities  of 
70%-90%  have  been  reached  at  large  energy  frontier 
machines  and  as  high  as  >98%  at  synchrotron  light 
sources.  [27] 

The  lost  time  that  is  more  difficult  to  address  is  the 
single,  large,  unrelated,  unexpected  event.  The  stories  are 
the  stuff  of  legends — ^bizarre  vacuum  events,  animals  in 


transformers,  flashlights  inadvertently  left  in  beam  lines. 
These  problems  are  rarely  repeat  offenders,  and  if  they 
had  been  anticipated,  would  not  have  happened. 
Probability  trees  and  system  failure  predictions  rarely  take 
the  inconceivable  into  account,  but  these  events  often 
cause  significant  intermption  to  a  program.  It  is  at  just 
such  times  that  the  focus  of  a  laboratory  and  its  creative 
and  talented  staff  come  together  to  solve  the  problem  and 
return  to  more  normal  availability  issues. 

With  constant  attention  to  detail  and  dedicated  staff,  the 
sources  of  lost  time  are  avoided  by  a  rigorous  design 
effort,  or  identified  during  commissioning  and  operation. 
Solutions  are  implemented  as  quickly  and  efficiently  as 
possible. 

The  major  sources  of  lost  time  are  constantly  changing. 
Today’s  worst  offender  can  be  identified,  corrected,  and 
no  longer  be  a  significant  source  of  trouble,  making  way 
for  the  next  improvement. 
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Abstract 

The  performance  of  low-conductivity  water  (LCW) 
systems  is  of  critical  importance  at  accelerator  facilities. 
An  imbalance  of  water  chemistry,  supply  temperature,  or 
component  availability  can  have  a  direct  impact  on 
machine  performance.  Downtime  of  the  LCW  system  for 
any  reason  can  result  in  downtime  of  the  entire 
accelerator.  LCW  systems  for  copper  components  are 
similar  to  stator  cooling  systems  for  electric  power 
generating  equipment  with  respect  to  the  chemistry  of 
soluble  copper  and  resultant  corrosion.  The  basics  of 
copper  corrosion  and  agglomeration  mechanisms,  impact 
of  dissolved  oxygen  concentration  and  pH,  copper 
solubility  data  and  its  relationship  with  temperature,  and 
relative  corrosion  rates  for  various  possible  operating 
regimes  are  available  from  existing  literature  and  will  be 
reviewed.  Water  treatment  for  aluminum  LCW  systems  is 
different  than  for  copper  systems  and  will  be  outlined. 
Fundamental  features  of  control  systems  capable  of 
controlling  LCW  temperatures  within  a  fraction  of  a 
degree  will  also  be  discussed.  Operational  reliability  is 
very  much  related  to  system  design,  component  selection, 
and  operating  practices,  and  some  anecdotal  information 
will  be  offered  based  on  the  author’s  experience. 

INTRODUCTION 

Accelerator  components  made  of  copper  are  routinely 
cooled  by  deionized  (DI),  low-conductivity  water  (LCW). 
Release  of  copper  oxides  from  parent  surfaces  is  common. 
Releases  comprise  reddish-brown  residue  (CU2O)  and, 
depending  on  the  concentration  of  dissolved  oxygen 
(DO),  black  residue  (CuO).  Copper  oxide  scale  can  be 
released  and  can  agglomerate  such  that  flow  through 
system  components  is  significantly  restricted  or  blocked 
altogether  [1]. 

Water  treatment  considerations  for  aluminum  systems 
are  quite  different  than  for  copper  systems.  This 
discussion  will  be  based  on  the  experience  at  the 
Advanced  Photon  Source  (APS)  where  aluminum  LCW 
systems  are  segregated  from  copper  LCW  systems. 

Components  such  as  accelerating  structures  and  radio 
frequency  (rf)  cavities  routinely  require  temperature 
conditioning  to  tolerances  in  the  neighborhood  of  ±0.05- 
O.rc  [2].  Conditioning  is  commonly  performed  with  the 
LCW  system.  Such  tolerances  can  be  maintained  using 
commercially  available  fluid-handling  equipment  and 
instrumentation,  provided  certain  design  parameters  and 
techniques  are  employed. 

C^erational  reliability  is  a  strong  function  of  system 
design  and  component  selection.  Certain  design  and 
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implementation  practices  result  in  tangible  benefits  to  the 
accelerator  operator  in  the  form  of  reduced  downtime  and 
reduced  durations  of  repairs  if  downtime  occurs. 

COPPER  CHEMISTRY 

From  the  point  of  view  of  copper  chemistry,  accelerator 
LCW  systems  can  be  compared  to  stator  cooling  systems 
in  electric  power  plants.  Like  copper  accelerator 
components,  copper  stators  in  power  generation 
equipment  are  cooled  using  LCW  and  are  subject  to  the 
effects  of  copper  corrosion  and  subsequent  agglomeration 
and  plugging.  Plugging  is  exacerbated  by  high  heat  flux 
across  copper  surfaces  since  copper  solubility  is  reduced 
as  water  temperature  rises.  The  information  presented 
here  is  assembled  from  the  existing  literature  in  the  power 
industry  and  from  conversations  with  experts  [3-10]. 

Corrosion  Mechanism  [11] 

Oxygen  (O2)  and  carbon  dioxide  (CO2)  are  present  in 
water  due  to  interactions  with  the  atmosphere.  An  oxide 
forms  at  the  metal  surface,  which,  in  the  absence  of  other 
influences,  is  stable.  The  presence  of  CO2  in  the  water 
results  in  the  formation  of  carbonic  acid  (H2CO3),  which 
dissociates  into  HCOs’  and  hydrogen  ions  (tf^.  tf', 
which  has  an  affinity  for  the  oxygen  atoms  of  the  oxide, 
readily  reacts  to  form  water.  The  copper  at  the  surface  is 
now  left  in  its  ionic  form  and  readily  dissolves.  The  metal 
surface,  now  improtected  by  the  oxide,  is  again  exposed  to 
water,  DO,  and  allowing  the  process  to  recur. 

Dissolved  Oxygen  Concentration 

The  corrosion  rate  of  copper  in  water  (at  neutral  pH)  as 
a  function  of  DO  is  indicted  in  Fig.  1  [12].  The  maximum 
rate  occurs  in  the  range  of  200-300  ppb.  “Low  oxygen” 
and  “high  oxygen”  operating  regimes  are  defined  relative 
to  this  maximum.  Corrosion  in  low-oxygen  regimes 

Corrosion  rate  [ing/m“-  day] 


100  1000  10000 
Oxygen  Concentration  jppb] 


Figure  1:  Corrosion  rate  vs.  DO. 
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occurs  mostly  as  CU2O.  Corrosion  in  high-oxygen 
regimes  oceurs  mostly  as  CuO.  Copper  cooling  systems 
can  be  operated  successfully  in  either  regime.  For  high- 
oxygen  systems,  oxygen  content  must  be  actively 
maintained  as,  without  the  deliberate  introduction  of 
oxygen,  DO  will  fall  naturally  as  a  result  of  the  corrosion 
process.  In  the  case  of  stator  cooling  systems,  the  choice 
is  usually  specified  by  the  manufacturer  but  is  sometimes 
changed  by  the  owner  if  operating  experience  indicates  a 
benefit  [10,13]. 

Influence  of  pH 

concentration  influences  the  corrosion  rate,  as 
indicated  in  Fig.  2  [12].  The  rate  is  minimized  at  pH 
values  approaching  8.5  and  greater.  The  Pourbaix 
diagram  in  Fig.  3  [14]  indicates  stable  forms  of  copper  in 
aqueous  solution  as  a  function  of  pH  and  metal  potential. 
For  pH  values  below  7.0,  the  copper  ion  is  stable  in 
solution.  Formation  of  the  ion  occurs  from  the  oxide  state 
when  pH  is  just  below  7.0.  Reaction  of  H^  with  the 
oxygen  of  the  oxide  occurs  readily  under  these  conditions. 

For  pH  values  above  7.0,  the  preferred  form  of  the 
metal  is  the  oxide.  Replacement  of  the  oxygen  in  the 
oxide  does  not  occur  as  easily  and  slows  the  corrosion 
mechanism.  This  is  consistent  with  Fig.  2  and  provides  an 
understanding  of  reduced  corrosion  rates  when  the 
solution  is  alkaline. 


Figure  3:  Pourbaix  diagram  for  copper. 


Influence  of  Temperature 

Temperature  plays  a  significant  role  in  the  solubility  of 
copper  in  water,  particularly  at  neutral  to  acidic  pH. 
Figure  4  [13,15]  indicates  the  relationship  of  copper 
solubility  as  a  function  of  temperature  for  various  values 
of  pH.  Figure  5  [13,15]  indicates  the  relationship  of 
solubility  in  terms  of  pH  for  various  temperatures.  \^en 
pH  is  lower  than  7.0,  the  influence  of  temperature  is  more 
noticeable  and  provides  an  explanation  for  water  flow 
restrictions  that  occur  at  the  outlet  ends  of  copper 
components  where  heat  transfer  takes  place  along  the 
length  of  the  component.  It  is  logical  to  assume  that  most 
accelerator  LCW  systems  operate  under  these  constraints. 

Constam  pH  SduDillty  Lines 


TempeMura 


Figure  4:  Copper  solubility  vs.  temperature. 

Ccpper  in  Water  S6t«llty  Cuvee 


Figure  5:  Copper  solubility  vs.  pH. 
Operating  Regimes 

Several  options  exist  for  choosing  an  operating  regime 
for  a  copper-water  system.  These  are: 

•  Neutral  pH,  low  oxygen, 

•  Neutral  pH,  high  oxygen, 

•  Elevated  pH,  low  oxygen,  and 

•  Elevated  pH,  high  oxygen. 

Figure  6  shows  corrosion  rate  data  for  various  operating 
regimes  [13], 

Limitations  on  Operating  Regimes 

The  relationship  between  pH  and  resistivity  of  DI  water 
is  shown  in  Fig.  7.  Most  resins  have  a  cation  component 
in  the  hydrogen  form  and  produce  DI  water  to  the  left  side 
of  the  curve  (pH<7).  If  cation  is  in  the  sodium  form,  DI 
water  is  produced  to  the  right  side  of  the  curve  (pH>7). 
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Figure  6:  Corrosion  data  at  various  operating  regimes. 


DI  water  pH 

Figure  7:  Resistivity  limits  of  DI  water. 


Operation  of  a  water  system  at  a  pH  of  8.5  would 
require  a  resistivity  of  1  Mohm-cm  or  lower.  For  many 
accelerators,  this  is  not  acceptable  [1].  For  example,  at 
the  APS,  a  resistivity  value  below  3.0  is  not  acceptable 
from  the  point  of  view  of  leakage  currents.  A  more 
realistic  minimum  for  resistivity  is  around  5.0.  The 
corresponding  maximum  pH  that  is  feasible  is  about  7.5. 

With  the  maximum  pH  of  an  accelerator  LCW  system 
limited  to  7.5  (essentially  neutral),  it  is  clear  that  the  low- 
oxygen  operating  regime  is  more  desirable  since  corrosion 
rates  can  be  reduced  to  a  lower  value  than  for  high  oxygen 
(see  Fig.  6). 


Means  of  Controlling  pH 

It  is  common  for  resistivity  to  be  maintained  in  LCW 
systems  by  the  use  of  ion  exchange  resins.  Positively 
charged  ions  are  typically  removed  from  the  system  by 
the  cation  resin  and  replaced  with  hydrogen  ions.  When 
this  process  occurs,  the  hydrogen  ion  content  of  the  water 
system  is  increased  (i.e.,  pH  decreases).  If  the  cation 
resin  is  processed  in  the  sodium  form,  however,  positively 
charged  ions  are  replaced  with  a  sodium  ion,  and  the  pH 
value  increases. 


Such  a  means  is  being  employed  in  a  stator  cooling 
system  at  an  Eskom  generating  facility  in  South  Africa 
[13].  The  treatment  stream  can  be  passed  through  either 
of  two  mixed-bed  resin  tanks  as  indicated  in  Fig.  8.  When 
pH  falls  to  a  low  limit,  the  mixed-bed  tank  with  cation 
resin  in  the  sodium  form  is  brought  online  while  the 
mixed  bed  in  the  hydrogen  form  is  isolated  (pH  will  rise). 
When  pH  again  rises  to  a  high  limit,  the  mixed-bed  tank 
with  eation  resin  in  the  hydrogen  form  is  brought  online 
while  the  mixed  bed  in  the  sodium  form  is  isolated  (pH 
will  fall). 

Although  pH  control  is  achieved,  the  sampled  process 
variable  is  resistivity  (or  conductivity)  because  of  the 
direct  relationship  between  resistivity  and  pH  (see  Fig.  7). 
It  is  important  to  verify  periodically  by  direct  pH 
measurement  that  the  system  exists  on  the  positively 
sloped  portion  of  the  pH-resistivity  curve  (Fig.  7). 


Figure  8:  pH  control  method  with  mixed-bed  resins. 

Dealing  with  Copper  Corrosion 

Since  copper  corrosion  can  be  minimized  but  not 
prevented  altogether,  it  is  necessary  to  be  aware  of 
techniques  that  will  prevent  or  reduce  the  possibility  of 
plugging.  Experience  at  the  APS  indicates  there  are 
benefits  to  employing  some  of  the  following  practices  [1]. 

The  use  of  small  (<l/8”  diam.)  orifices  for  regulation  of 
water  flowrate  should  be  avoided.  This  includes  the  use 
of  passive  flow-control  devices  having  small,  variable- 
area  openings.  Experience  indicates  that  such  orifices 
eventually  experience  build-up  of  copper  oxide  scale  that 
reduces  (or  even  stops)  flow.  At  APS,  such  orifices  and 
flow  regulators  are  being  replaced  successfully  with 
lengths  of  small-diameter  tubing  (e.g.,  1/4”  and  5/16” 
diam.).  Such  tubing  is  usually  coiled  for  convenience. 

Point-of-use  filtration  to  around  0.5  micron  nominal 
(2  micron  absolute)  has  been  successful.  Filters  are 
replaced  only  when  differential  pressure  indicates  a  build¬ 
up.  Changing  filters  on  a  routine  schedule  is  avoided 
because  it  allows  the  ingress  of  oxygen  and  promotes 
higher  corrosion  rates. 
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All  LCW  that  is  treated  in  the  central  treatment  loop  is 
filtered  to  0.05  micron.  The  treatment  rate  is 
approximately  5%  of  the  total  system  throughput. 

All  make-up  water  is  introduced  to  the  LCW  system  at 
a  vacuum  deaerator  to  remove  all  but  trace  DO. 

Branch  lines  that  are  not  used  regularly  are  maintained 
with  a  eontinuous  minimum  flow.  A  branch  line  with  no 
flow  can  be  a  place  where  DO  accumulates  when  the 
system  is  opened  for  maintenance.  If  not  flushed  with 
low-oxygen  water,  the  branch  will  be  a  continuous  source 
of  DO  contamination  where  it  connects  to  rest  of  the 
LCW  system. 

Pump  seals  are  flushed  from  the  stuffing  box  out  to  the 
pump  suction  to  avoid  direct  impingement  of  copper 
particles  on  seal  faces.  This  avoids  the  build-up  of  copper 
oxides  on  seal  faces,  which  was  observed  after  numerous 
failures. 

The  use  of  flow-measuring  equipment  with  moving 
parts  is  avoided.  These  moving  parts  are  eventually 
coated  with  copper  oxide.  Moving  parts  are  likely  to  fail 
in  time. 

It  is  imperative  that  the  source  of  water  for  the  initial 
system  fill  and  for  make-up  be  free  of  biological 
contamination.  Once  the  system  is  filled,  water  must  be 
kept  circulating  continuously  to  avoid  stagnation  and  the 
possible  growth  of  bacteria,  as  microbiologically 
influenced  corrosion  (MIC)  can  occur.  A  further 
precaution  that  may  be  taken  is  the  use  of  ultraviolet  (UV) 
radiation  treatment  of  the  polishing  stream.  The  UV 
radiation  interferes  with  the  reproductive  process  of  any 
microbes.  Operation  at  trace  DO  levels  further  gives 
aerobic  biological  constituents  (the  first  bacteria  to  collect 
in  a  colony)  little  oxygen  to  survive. 

ALUMINUM  LCW  SYSTEMS 

The  information  presented  in  this  section  is  based  on 
the  implementation  of  aluminum  LCW  systems  at  the 
APS  where  aluminum  accelerator  components  are 
conditioned  by  independent  water  loops  operating  at 
approximately  25°C  containing  no  copper.  This  decision 
was  taken  to  avoid  a  conflict  in  the  needs  between 
aluminum  LCW  treatment  and  treatment  for  copper  LCW. 
As  a  result,  electrochemical  exchange  of  ions  between 
copper  and  aluminum  components  is  prevented. 

Aluminum  surfaces  in  LCW  systems  benefit  from  the 
very  stable  oxide  layer  that  forms  naturally,  especially 
during  initial  operation.  It  is  desirable  to  clean  inside 
surfaces  by  a  mild  acid  flush  (such  as  an  environmentally 
fnendly,  citric-based  detergent)  or  by  electropolishing. 
Upon  initial  fill  with  DI  water  containing  naturally 
occurring  levels  of  oxygen,  heating  the  water  to  as  high  as 
130-150°C  will  cause  the  deposition  of  a  protective  oxide 
layer  to  passivate  inside  surfaces. 

Water  treatment  needs  include  only  the  polishing  of  the 
system  with  mixed-bed  resins  in  the  standard  hydrogen 
form.  Systems  at  APS  operate  between  13-16  Mohm-cm. 

These  systems  are  occasionally  used  to  condition  the 
APS  vacuum  chambers  at  130-150  °C  (“bakeout”)  prior  to 


operation  at  ultrahigh  vacuum.  During  this  process,  the 
water  in  the  system  is  maintained  in  a  low-conductivity 
condition  by  purging  DI  water  (13-15  Mohm-cm)  from  a 
cooling  loop  into  the  heated  bakeout  loop  at  a  rate  of 
around  10%  of  the  total  bakeout  flowrate.  Water  is 
simultaneously  removed  from  the  bakeout  loop  at  an 
equivalent  rate  with  the  use  of  a  heat  recovery  exchanger 
to  minimize  the  heat  load  on  the  clean  water  purge.  In 
this  manner,  mixed-bed  resins  are  not  exposed  to  bakeout 
system  temperatures 

TEMPERATURE  REGULATION 

Regardless  of  the  tolerance  of  a  temperature  control 
system,  traditional  regulation  systems  employ  feedback 
loops  known  as  proportional-integral-derivative  (PID) 
systems  to  control  temperature.  These  systems  have  a 
sensor  to  detect  the  temperature  and  a  controller  to 
compare  the  actual  temperature  to  a  desired  set  point.  The 
controller  computes  and  delivers  an  output  signal  to  a 
valve  that  throttles  LCW  flow  through  a  heat  exchanger. 
A  system  that  has  been  successful  at  the  APS  is  shown  in 
Figure  9. 

The  detection  of  the  actual  LCW  temperature  is  critical 
to  maintaining  regulation  within  tolerance.  It  is 
imperative  that  the  resolution  of  the  temperature-detection 
system  be  at  least  an  order  of  magnitude  better  than  the 
desired  temperature  tolerance.  For  example,  if  a  tolerance 
of  ±0.1  ®C  is  desired,  it  is  necessary  to  detect  changes  in 
temperature  on  the  order  of  0.01  °C  or  smaller. 

The  resolution  of  the  temperature  detection  portion  of 
the  loop  is  determined  by  the  incremental  steps 
corresponding  to  the  output  of  the  analog-digital  (A-D) 
converter  in  the  processor.  For  example,  if  a  temperature 
transmitter  with  a  range  of  50  °C  is  employed  with  a  16- 
bit  A-D  converter,  the  resolution  will  be  50/2'^  =  0.0015 
°C  (one  bit  is  used  for  the  sign  of  the  number). 

Throttle  control  valves  must  be  matched  to  the 
application  such  that  the  smallest  incremental  change  of 
valve  position  results  in  a  temperature  change  less  than 
the  desired  tolerance.  Valves  with  actuators/positioners 
having  a  resolution  of  0.25  to  0.5%  have  been  used 
successfully. 


Figure  9:  Temperature  control  loop  employing  mixing. 
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The  choice  of  valve  style  is  equally  critical.  The  valve 
must  have  a  dynamic  range  that  is  useful  over  a  wide 
range  of  valve  positions.  One  choice  that  has  been 
employed  successfully  is  a  characterized  three-way 
rotating  plug  valve.  If  a  single  valve  or  combination  of 
two  valves  is  used,  a  V-ball  or  characterized  seat  ball 
valve  is  recommended.  Such  valves  can  have  a  dynamic 
range  on  the  order  of  1 00 : 1 . 

It  is  essential  that  operating  personnel  responsible  for 
system  performance  understand  the  process  of  control 
valve  tuning  to  provide  for  the  proper  response  of  the 
valve  to  process  upsets.  For  steady-state  temperature 
control  systems,  the  derivative  term  is  usually  not 
employed.  Classes  and  texts  to  learn  methods  for  control 
valve  tuning  are  available  from  a  range  of  sources  [16]. 

Successful  implementation  of  temperature  control 
systems  requires  that  time  delays  between  temperature 
detection  and  valve  actuation  be  minimized.  It  is 
imperative  that  the  temperature  sensor  itself  have  a  short 
time  constant  (e.g.,  4  s)  and  be  immersed  directly  in  the 
water  stream.  The  sensor  should  be  located  as  near  to  the 
control  valve  as  possible,  and  the  valve  should  be  located 
as  near  to  the  heat  exchanger  as  possible. 

Response  times  can  also  be  reduced  by  implementing  a 
system  that  employs  mixing  of  relatively  warm  and  cool 
streams  to  affect  the  delivery  temperature  as  shown  in 
Figure  9.  If  the  mixing  type  system  is  replaced  by  a 
system  that  throttles  coolant  flow,  changes  in  delivered 
water  temperature  require  changes  of  the  entire  exchanger 
temperature  rather  than  that  of  the  delivered  water  only. 
This  results  in  greater  thermal  inertia. 

Accelerator  components  may  not  provide  sufficient 
heating  of  LCW  to  allow  for  mixing  of  streams  that  are 
matched  to  the  control  valve  and  heat  exchanger.  In  this 
case,  it  may  be  necessary  to  provide  an  additional  heat 
source. 

RELIABILITY 

Operational  reliability  can  be  improved  by  following 
practices  that  have  proven  their  value: 

•  Combine  elements  having  similar  flow  rates  into 
common  series  flow  circuits  to  reduce  the  number 
of  flow  elements  and  related  instrumentation, 

•  Remove  flow-related  instruments  from  all  secured 
enclosures  to  reduce  the  time  required  to  make 
repairs  and  exposure  to  radiation. 

•  Avoid  flow  elements  with  moving  parts. 
Obstruction-type  flow  elements  are  an  excellent 
alternative. 
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Abstract 

The  Thomas  Jefferson  National  Accelerator  Facility 
has  experienced  magnet  overheating  at  high  power. 
Overheating  is  caused  by  cooling  water  passages 
becoming  plugged  and  is  a  direct  result  of  the  Dean  Effect 
deposition  of  corrosion  products  suspended  in  the  water. 
Solving  simplified  dynamic  model  equations  of  the  flow 
in  the  magnet  tubing  bends  yielded  a  relationship  for 
plugging  rate  as  a  function  of  particle  size,  concentration, 
velocity,  channel  width  and  bend  radius.  Calculated 
deposition  rates  using  data  from  a  previous  study  are 
promising.  Remediation  has  consisted  of  submicron 
filtration,  magnet  cleaning,  and  dissolved  oxygen 
removal.  Preliminary  results  are  good:  no  accelerator 
outages  have  been  attributed  to  magnet  plugging  since  the 
remediation  has  been  completed. 

BACKGROUND 

The  Thomas  Jefferson  National  Accelerator  Facility 
(Jefferson  Lab)  Continuous  Electron  Beam  Accelerator 
(CEBA)  is  a  race  track  configured,  multi-pass 
superconducting  linear  electron  accelerator  with  magnets 
in  the  arc  sections  that  recirculate  the  beam.  The 
magnets,  klystrons  and  power  supplies  are  cooled  with 
low  conductivity  water  (LCW),  which  is  supplied  by  four 
LCW  systems. 

All  of  the  LCW  systems  are  similar  in  design  and 
construction.  Circulating  pumps  move  cooling  water 
through  headers  and  cooling  passages  associated  with 
each  system.  The  water  returns  to  heat  exchangers 
equipped  with  PID  controllers  that  actuate  three-way 
valves  to  maintain  the  desired  temperature.  Side  stream 
mixed  bed  resin  systems  are  used  to  polish  the  water. 
Each  system  is  protected  by  pre  and  post  filter  arrays, 
sized  for  the  appropriate  flow  through  the  resin  bottles. 
All  of  the  systems  are  equipped  with  combination  head 
and  make-up  feed  tanks  that  are  maintained  under 
positive  nitrogen  pressure. 

The  piping  system  is  made  of  stainless  steel,  fibre  cast 
pipe,  copper  pipe  and  tubing,  plastic  or  rubber  connection 
hoses,  and  brass  hardware.  Some  magnets  have  capillary¬ 
like,  sub-millimeter  cooling  passages. 

Near  pure  water  flowing  through  metallic  piping  tends 
to  accumulate  oxide  particles.  Over  time,  the  particles 
will  form  a  residue  on  the  conductor  walls.  The  residue  is 
less  thermally  conductive  than  copper  and  interferes  with 
heat  transfer.  Moreover,  the  residue  noticeably  affects  the 
small  passages  by  gradually  blocking  the  flow  of  water, 
which  further  reduces  heat  transfer.  Eventually,  these 
magnets  shut  down  due  to  overheating. 

‘Work  done  under  US  DOE  Contract  DE-AC05-84ER0150 


System  improvements  have  been  ongoing  since  the 
construction  was  completed.  Nevertheless,  corrosion 
related  plugging  problems  emerged  as  beam  energy 
increased  and  maintenance  intervals  decreased.  A 
literature  search  revealed  that  the  Fermi  National 
Accelerator  Laboratoiy  (FNAL)  had  experienced  similar 
problems  and  had  solved  them  using  mechanical  oxygen 
removal  and  full  flow  filtration  [1].  The  Jefferson  Lab 
began  a  trial  program  that  emulated  the  equipment 
installed  at  FNAL,  and  hopefully  will  achieve  comparable 
results. 


ANALYTICAL  ANALYSIS 


Fluid  flowing  through  a  curved  tube  has  a  dynamically 
induced,  secondary  circulation  that  is  normal  to  the  main 
stream  [2],  This  effect  was  first  investigated  by  Dean. 
[3].  Knowledge  of  the  behavior  of  the  induced  flow  field 
in  terms  of  relevant  fluid  properties  and  design 
parameters  could  be  used  to  predict  the  plugging  rate.  It 
can  be  shown  that  the  average  deposition  rate  for  film  of 
particles  on  a  tube  wall  is: 

A  J  ■ 


dh 

—  =  c^R 
dt 


A  J  dr 


(1) 


Where  h  is  the  film  thickness,  c  is  the  particle 
concentration,  AR  is  the  particle  diameter,  A  is  the 
deposition  area  along  the  radius  of  curvature,  and  the 
radial  component  of  the  flow.  Determining  the  value  of 
the  integral,  even  for  a  simplified  case,  could  serve  as 
guide  for  experimental  verification  and  as  a  point  of 
departure  for  future  work. 

Sandeep  and  Palazoglu  [4]  present  an  overview  of  the 
current  work  in  secondary  flow  in  coiled  tubes, 
particularly  with  respect  to  heat  transfer.  The  Dean 
number  is  defined  as  the  product  of  the  Reynolds’ 
Number  and  the  square  root  of  the  ratio  of  the  tube 
diameter  to  the  radius  of  curvature.  The  Dean  number  is 
modified  by  using  the  hydraulic  radius  non-circular 
channels.  Although  square  and  round  passages  are  used 
in  magnets,  only  square  channels  are  analyzed  here.  To 
further  minimize  complications,  the  modelling  for  this 
problem  will  neglect  second  order  effects  to  the  extent 
necessary  as  discussed  below. 

The  continuity  equation,  Eq.  (2),  and  the  momentum 
equation,  Eq.  (3),  for  incompressible  flow  are  shown 
below. 


V-V  =  0 

DV  , 

P^  =  Pg-Vp  +  fiV  V 


(2) 

(3) 
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A  rectangular  cylindrical  co-ordinate  system  (r,  0,  z) 
best  describes  a  square  passage  flow  channel.  The  inside 
radius  (rg)  is  measured  from  the  origin.  The  dimension  of 
the  channel  is  w  by  w,  and  the  inside  lower  comer  is 
located  at  (rg,  0,  -w/2). 

The  momentum  equation  can  be  modified  for  pipe  flow 
by  realizing  that  gradients  along  the  flow  direction  are 
small.  [5]  For  a  magnet  flow  passage,  the  tubing  is 
usually  wound  with  90-degree  bends  with  a  section  of 
straight  tube  between  bends.  The  flow  is  assumed  to  be 
fully  developed,  and  the  velocity  profile  across  the 
channel  does  not  change  appreciably  in  the  time  needed  to 
pass  through  the  bend.  Also,  the  cross  channel  pressure 
gradient  and  flow  velocity  is  small  compared  to  its  second 
derivatives.  Applying  these  assumptions  to  continuity 
and  momentum  equation,  one  obtains  the  following  set  of 
equations  governing  the  flow  field,  Q; 
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And  on  the  boundary  walls,  T: 

F,=0 

V^=0 

Where  the  subscripts  indicate  the  coordinate  directions. 

These  assumptions  have  basically  turned  the  problem 
into  a  two  dimensional  one.  By  doing  so,  a  function  can 
be  defined  that  will  identically  satisfy  the  continuity 
equation.  Namely: 

d^ 

dz 


■=^K 


dr 

The  procedure  used  to  solve  the  momentum  equation 
was  to  first  normalize  the  dependent  and  independent 
variables.  The  resulting  Poisson  equation  was  solved 
iteratively  using  the  method  of  lines  for  a  second  order 
accurate,  centered  difference  scheme  over  2500  points. 
The  velocities  were  then  back  calculated  fi-om  the 
solution  set.  A  parametric  study  of  the  integral  in 
equation  (1)  was  performed  for  various  ratios  of  width 
(w)  to  inside  radius  of  curvature  (rg).  The  result  is: 


—  =  0.0277 
dt 


VoJ 


cARV^ 


(4) 


Where  w  is  the  width  of  the  square  channel,  v  is  the 
kinematic  viscosity,  and  V  is  average  fluid  velocity.  Ii 
should  be  noted  that  the  integral  term  had  both  positivi 
and  negative  deposition  rates  at  various  points  across  th« 
deposition  surface.  Only  the  positive  rate  was  considerec 
because  the  negative  rate  would  remove  material.  This 


could  not  occur  because  there  would  be  no  material  to 
remove  from  a  clean  surface.  This  approximation  should 
work  well  provided  the  deposition  surface  does  not 
significantly  disturb  the  flow.  The  long-term  growth  of 
the  deposits  will  require  more  computational  research. 

SYSTEM  IMPROVEMENT 
CHRONOLOGY 

Plugging  of  LCW  from  iron  oxide  in  cooling  circuits 
first  became  a  problem  in  1993,  soon  after  power  supplies 
and  magnets  were  installed.  Unfortunately,  iron  body 
pumps  with  brass  impellers  were  selected  to  circulate 
LCW.  For  ordinary  treated  system  water,  this  is  not  a 
problem;  however,  the  LCW  system  was  designed  to 
operate  at  full  purity,  18  MQ-cm.  LCW  with  dissolved 
oxygen  aggressively  attacked  the  iron  pumps,  thus 
becoming  a  corrosion  particle  source.  The  pumps  were 
replaced  with  stainless  steel. 

The  aggressive  nature  of  high  purity  water  on  metal 
was  a  concern  for  our  alumimun  beam  dump.  In  1995 
and  1996,  a  conductivity  control  system  was  developed  to 
reduce  the  water  purity.  The  system  worked  so  well  it 
was  installed  in  all  LCW  systems  at  the  Jefferson 
Laboratory.  The  accelerator  operating  point  was  selected 
to  be  2.0  MQ-cm. 

Also  during  the  1996  period,  plugging  of  magnets  had 
again  become  problematic.  Henkel  [6]  found  that 
plugging  was  caused  by  iron  oxide  (magnetite),  which  is 
caused  by  a  “single  electrode  corrosion  of  iron 
particulates  immersed  in  oxygenated  water.”  Tubing 
bends  were  analysed  and  the  inside  radius  surfaces  were 
found  generally  to  be  coated  with  deposits.  The  amount 
varied  from  light  and  streaked  to  uniform  and  heavy.  A 
fifteen-micron  thickness  (or  about  3p/yr)  was  typical  of 
the  average  layer  of  magnetite  deposits.  Free  stream 
header  concentrations  were  found  to  be  10  ppb  for  iron 
and  a  diameter  of  5  -  10  p .  To  lower  the  dissolved 
oxygen  concentration,  oxygen  scavenging  resin  bottles 
were  added  to  the  mixed  bed  array.  A  year  before  the 
study,  filter  porosity  was  decreased  from  5p  to  0.5p  in 
the  side  stream  to  help  clean  the  water.  Local  filtration 
was  also  installed  near  the  most  critical  magnets. 
Improvements  made  to  the  system  seemed  to  ameliorate 
the  plugging  problems. 

In  late  1999  and  2000,  however,  magnet  trips  due  to 
heat  excursions  again  manifested  themselves.  Additional 
testing  showed  a  new  character  to  the  composition: 
particles  were  now  mostly  copper  oxide  with  a  ratio  of  9 
parts  copper  to  1  part  iron. 

Seeking  other  expert  opinion,  contact  was  made  with 
other  National  Laboratories  in  the  LCW  production 
facility  departments.  Chris  Ader  of  FNAL  [7]  sent  us 
information  on  FNAL’s  solution  to  the  problem.  We 
immediately  began  work  on  a  prototype  system  to 
emulate  the  FNAL  system.  Further  knowledge  on  general 
process  of  copper  corrosion  was  found  [8,9]. 
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DISSOLVED  OXYGEN  REMOVAL 

Following  FNAL,  a  dissolved  oxygen  removal  system 
was  installed.  The  primary  element  is  a  device  called  a 
contactor,  which  was  placed  in  the  side  stream 
purification  and  feed  system. 

A  contactor  is  basically  a  molecular  sieve.  System 
water  with  dissolved  oxygen  at  a  given  partial  pressure 
flows  past  one  side  of  the  sieve.  The  other  side  of  the 
sieve  is  maintained  at  a  lower  oxygen  partial  pressure  by 
using  a  vacuum  pump,  sweep  gas,  or  both.  The  dissolved 
oxygen,  carbon  dioxide  and  other  gasses  diffuse  through 
the  sieve  membrane  and  are  carried  away  by  the  vacuum 
pump. 

Also,  full  flow  filters  with  0.5  p  media  were  placed  in 
the  return  side  of  the  magnet  LCW  loop.  This  is  in 
addition  to  the  other  filters  already  in  place. 

The  pH  is  a  key  factor  in  the  corrosion  process.  In 
general,  pH  over  7.0  minimizes  both  copper  and  iron 
corrosion,  while  a  pH  below  7.0  increases  corrosion  and 
adversely  reduces  the  solubility  of  the  copper  oxides  in 
hot  wall  passages.  The  contactor  system  removes 
dissolved  carbon  dioxide  and  increases  LCW  pH,  while 
chemical  removal  of  oxygen  with  scavenging  resin  lowers 
LCW  pH.  Since  lower  LCW  pH  is  undesirable,  the 
scavenging  resin  has  been  removed  from  the  polishing 
system. 

There  are  several  general  principles  that  should  be 
observed  when  using  an  oxygen  contactor: 

1.  No  sub-atmospheric  system  pressure  should  be 
allowed  to  develop  anywhere  in  the  piping  system. 

2.  The  feed  water  must  be  degassed  before  being 
injected  into  the  system. 

3.  Contactors  are  sensitive  to  excess  temperature  and 
pressure.  Excessive  pressure  will  destroy  the 
contactor. 

4.  The  system  should  be  isolated  from  the  atmosphere 
by  using  nitrogen  to  pressurize  head  tanks. 

5.  Magnet  passages  must  eventually  be  chemically 
cleaned  to  remove  oxide  film.  Film  build-up  is  a 
natural  consequence  of  flow  dynamics.  It  is  also 
directly  related  to  thermal  effects  on  copper  oxide 
solubility. 

CALCULATED  DEPOSITION  RATE 
COMPARED  WITH  MEASURED  DATA 

Although  Eq.  (4)  was  derived  for  a  square  channel,  it 
could  be  tested  by  using  the  available  data  for  circular 
specimens  above.  The  inside  radius  of  the  analyzed 
bends  is  not  stated,  but  judging  from  the  magnet  plans, 
the  inside  radius  is  probably  between  25  and  35  mm. 
Moreover,  the  particle  diameter  is  important  to  the  rate  of 
deposition.  Henkel  [6]  observes  that  the  size  composition 
of  the  deposits  varies  greatly,  even  after  local  filtering. 
He  notes  that  the  “coating  is  being  formed  by  mechanical 
adhesion  of  thousands  of  these  particulates.”  This  is  very 
likely  since  magnetite  particles  will  bond  together 
magnetically.  The  main  flow  stream  was  filtered  to  0.5  p; 
one  would  expect  the  larger  particles  to  form  from  an 


aggregate  of  smaller  particles.  This  will  result  in  two 
cases:  Case  I  is  a  homogeneous  fluid  with  0.5p  particles 
suspended  therein,  and  Case  II  is  non-homogeneous  fluid 
with  5p  particles  formed  from  the  smaller  particles  with 
the  same  total  particle  mass  as  Case  I.  One  could  surmise 
that  the  numerical  concentration  will  vary  accordingly, 
but  there  is  not  enough  data  available  to  show  this.  The 
tube  forms  a  90  degree  bend  with  a  35  mm  radius.  Water 
flows  through  the  channel  with  an  average  velocity  of 
0.06  m/s,  a  particle  concentration  of  10  parts  per  billion 
(ppb)  for  0.5pfor  Case  I  and  5p  for  Case  11.  The 
kinematic  viscosity  of  300K  water  is  8.57E-7  m^/s.  For  a 
circular  channel,  the  diameter  is  substituted  for  the  width 
of  the  square  channel. 

For  Case  I,  the  deposition  rate  is  3.1  p/year  and 
31  p/year  for  Case  II  with  the  same  concentration.  Case  I 
agrees  with  the  3  p/year  mentioned  above. 

CONCLUSIONS 

The  plausibility  of  the  deposition  rate  analysis 
presented  here  seems  to  agree  with  previous  experience. 
The  deposition  rates  for  square  and  circular  channels, 
which  were  not  analyzed,  are  expected  to  be 
approximately  the  same. 

Although  our  oxygen  removal  system  has  not  been  in 
service  long  enough  to  draw  ironclad  conclusions,  we 
have  not  had  any  plugging  problems  as  of  this  writing. 
We  are  optimistic  that  the  system  will  improve  the 
accelerator  reliability. 
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SAFETY  CRITICAL  MONITORING  FOR  PROMPT  RADIATION 

HAZARDS 

L.  Moritz,  J.  DrozdofF,  G.  Dutto,  F.  Mammarella,  M.  Mouat,  R.  Ruegg,  TRIUMF,  B.C.,  Canada 


Abstract 

At  TRIUMF  we  have  used  both  passive  and  active 
methods  to  protect  against  potential  prompt  radiation 
hazards  produced  by  accidental  beam  losses  in  high- 
intensity  proton  beam  lines.  These  methods  consist  of 
shielding,  exclusion  areas,  and  the  use  of  fast  acting 
radiation  monitors.  The  latter  are  located  within  the 
shielded  areas  and  are  set  to  terminate  beam  production 
on  the  detection  of  abnormal  beam  loss.  A  recent  risk 
analysis  has  suggested  a  need  for  higher  reliability  in  the 
protection  against  potential  prompt  radiation  hazards 
where  the  shielding  is  relatively  thin.  To  address  this 
requirement  TRIUMF  has  developed  a  new  approach 
using  two  systems  of  independent  and  redundant 
monitoring  devices  located  outside  the  shielding  to  protect 
against  safety  critical  events  with  the  required  level  of 
reliability.  Verification  of  the  system  reliability  is 
achieved  by  weekly  testing  of  the  safety  critical  monitors 
as  well  as  the  trip  devices.  When  used  in  conjunction  with 
the  traditional  beam  loss  monitors  we  are  able  to 
distinguish  between  safety  critical  events  and  non-safety 
critical  beam  trips. 

INTRODUCTION 

One  of  the  dilemmas  of  shielding  high-intensity 
accelerators  is  whether  to  everywhere  install  shielding 
that  is  sufficient  to  reduce  radiation  fields  to  low  levels 
under  conditions  of  maximum  possible  beam  loss  or 
whether  to  shield  low  beam-loss  areas  only  for  expected 
operational  losses  and  rely  on  active  protection  systems  to 
terminate  beam  operation  in  case  of  total  or  high 
accidental  beam  losses.  Generally  the  reliability  or 
integrity  of  shielding  is  assumed  to  be  very  high  (although 
this  may  not  be  justified  in  all  cases),  but  the  reliability  of 
active  protection  systems  needs  to  be  demonstrated  for 
each  particular  design.  At  TRIUMF  we  have  used  active 
protection  systems  for  some  time,  but  their  reliability  had 
not  been  formally  demonstrated.  At  the  request  of  the 
Canadian  regulatory  authority  we  re-examined  this  issue 
and  found  a  solution  for  achieving  the  required  level  of 
reliability  without  performing  a  detailed  fault  tree 
analysis. 

INITIAL  SYSTEM 

The  radiation  protection  system  that  had  been  installed 
for  many  years  at  TRIUMF  consisted  of  a  series  of 
detectors  deployed  inside  the  shielding.  The  detectors  had 
no  local  electronics  so  that  they  were  reasonably  resistant 
to  radiation  damage.  Analogue  signals  from  these 
detectors  were  conditioned  and  then  sent  to  a  central 
processing  unit  where  the  signals  were  converted  into 


digital  values  and  read  10  times  per  second  by  a 
microprocessor.  These  values  were  compared  to  a  set 
point  and  any  reading  above  the  set  point  generated  a 
‘warn’  signal  to  alert  the  operators  to  a  beam  loss.  If  a 
reading  exceeded  twice  this  ‘warn’  level,  a  .‘trip’  was 
generated  that  turned  off  the  500  MeV  accelerator  using 
several  redundant  and  diverse  devices.  The  system  had  a 
number  of  features  built  into  it  to  enhance  reliability,  such 
as  a  watchdog  timer,  power  monitoring,  temperature 
monitoring,  run  time  checksum  check  etc.,  and  was 
powered  by  an  uninterruptible  power  supply.  The 
response  time  of  this  system  to  turn  off  the  accelerator 
was  measured  to  be  between  150  to  200  ms,  sufficient  to 
prevent  a  significant  radiation  dose  to  anyone  outside  the 
shielding  even  under  the  highest  expected  dose  rates. 

ANALYSIS 

System  Configuration 

The  close  examination  of  this  system  in  response  to  the 
request  to  demonstrate  its  reliability  concluded  the 
following: 

•  The  system  had  the  dual  purpose  of  personnel  and 
machine  protection.  As  a  result  the  warn  and  trip 
levels  were  set  very  close  to  the  operating  beam 
loss  levels  and  had  no  relation  to  the  radiation 
fields  outside  the  shielding. 

•  Many  of  the  radiation  detectors  were  located  in 
high-radiation  areas  making  them  difficult  to 
service  and  calibrate. 

•  The  detectors  were  not  fail-safe  and  subsets  were 
powered  by  the  same  power  supply. 

•  There  was  redundancy  in  the  system  only  in  that 
detectors  were  reasonably  closely  spaced  and  that 
several  devices  were  used  to  trip  the  accelerator. 

The  conclusion  was  that  it  would  be  difficult  to  modify 
the  system  so  that  it  would  have  the  required 
demonstrable  reliability. 

Historical  Data 

An  examination  of  the  historical  record  showed  that  the 
number  of  failures  of  this  system  had  however  been  very 
low.  During  a  period  of  approximately  20  years  there  had 
been  no  instance  where  the  system  had  failed  to  respond 
correctly  to  a  beam  loss  that  would  have  resulted  in  a  high 
radiation  field  outside  the  shielding. 

The  system  had  in  fact  been  exercised  frequently  (often 
several  times  per  week)  because  of  the  machine  protect 
function  that  resulted  in  accelerator  trips  whenever  the 
beam  loss  anywhere  exceeded  four  times  the  normal 
operational  losses,  even  when  these  were  very  low.  The 
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large  number  of  accelerator  trips  made  it  difficult  to 
separate  out  those  beam  loss  events  that  might  have  led  to 
very  high,  sustained  radiation  fields  outside  the  shielding 
if  the  protection  system  had  failed. 

NEW  APPROACH 

In  view  of  the  above  difficulties  it  was  decided  to  use  a 
new  approach.  This  approach  involved 

•  Creating  a  policy  that  defined  the  maximum 
tolerable  radiation  fields  outside  shielding  under 
worst-case  beam  loss. 

•  Develop  two  completely  independent  systems  for 
personnel  protection  with  detectors  located  outside 
the  shielding. 

•  Define  a  reliability  goal  for  the  remaining  risk 

Policy 

A  policy  was  defined  that  limits  the  maximum  prompt 
radiation  fields  outside  the  accelerator  and  beam  line 
shielding  to  1  Sv  h"'  for  a  point  loss  of  the  total  beam 
intensity  for  which  the  accelerator  or  beam  line  is 
licensed.  The  rationale  for  this  is  that  it  is  deemed  not 
credible  that  a  beam  loss  of  this  intensity  could  go 
undetected  for  more  than  1  hour  or  could  even  persist 
without  self-extinguishing  itself  via  some  catastrophic 
failure  of  the  vacuum  envelope.  The  maximum  dose  that 
could  therefore  be  incurred  would  be  1  Sv,  the  threshold 
for  immediate  deterministic  effects  of  a  radiation 
exposure.  This  policy  required  that  wherever  a  total  beam 
loss  could  result  in  radiation  fields  greater  than  1  Sv  h"', 
the  shielding  would  have  to  be  upgraded  or  the  area 
would  have  to  be  defined  as  an  exclusion  area  that  was 
interlocked  so  as  to  be  inaccessible  during  operation. 

New  Protection  Systems 

Rather  than  attempting  to  improve  the  existing 
protection  system  it  was  decided  that  another  system  of 
similar  design  that  was  already  used  to  measure  neutron 
field  levels  outside  the  shielding  and  that  used  similar 
system  architecture  could  be  reconfigured  to  become  a 
high-reliability  system.  This  ‘neutron  monitoring  system’ 
had  been  used  to  generate  alarms  at  relatively  low 
ambient  field  levels,  but  had  not  been  used  to  trip  off  the 
accelerator  because  of  the  slow  response  time  of  the 
neutron  moderated  BF3  monitors.  However,  by 
incorporating  a  ‘trip’  function  for  these  monitors  at  the 
relatively  high  level  of  1  mSv  h"',  it  was  possible  to  have 
a  response  time  as  short  as  200  ms. 

To  provide  redundancy  and  therefore  also  to  lower  the 
reliability  requirements  for  the  neutron  monitoring 
system,  a  second  system  with  identical  architecture  but 
different  detector  technology  was  created.  This  second 
system  uses  plastic  scintillators  mounted  on 
photomultiplier  tubes  and  measures  the  current  from  these 
tubes  as  an  analogue  signal.  These  detectors  are  sensitive 
to  both  gamma  and  neutron  fields  and  also  differ  in  the 
way  the  signals  are  processed  (analogue  rather  than  pulse¬ 
counting  for  the  neutron  detectors). 


Pairs  of  detectors,  one  fi-om  each  system,  were 
designated  ‘safety-critical’  and  were  deployed  outside  the 
shielding  in  tamper-resistant  metal  locked  cabinets  with 
all  wiring  in  accessible  areas  enclosed  within  metal 
conduit.  The  cabinets  are  provided  with  a  port  that  allows 
insertion  of  an  ^‘"Am-Be  source  for  quick  operational 
check. 

Reliability  Goal 

As  a  goal  for  the  level  of  reliability  required,  the  value 
of  10'^  incidents  per  year  was  used,  a  figure  that  defines 
so-called  ‘safe’  industries  when  applied  to  fatalities  in  the 
workplace  [I]. 

An  estimate  of  the  number  of  events  (such  as  magnets 
tripping  off  or  vacuum  valves  being  accidentally  inserted 
into  the  beam  path)  that  might  initiate  a  total  beam  loss 
yielded  a  probability  of  approximately  10"'  per  year. 
Therefore  the  requirement  for  the  likelihood  of  occurrence 
of  a  failure  of  both  systems  to  respond  to  such  an  event 
would  be 

lO-'xlO'^xlO'^  =10'',  (1) 

in  other  words  each  of  the  two  independent  systems  must 
have  a  demonstrated  failure  rate  of  less  than  10'^  per  year. 

In  order  to  demonstrate  that  the  systems  in  fact  meet 
these  levels  of  reliability,  each  of  the  detectors  is  tested  on 
average  once  per  week  using  the  ^'"Am-Be  source  and 
verifying  that  the  correct  level  of  signal  is  sent  to  the  logic 
controller  and  then  testing  that  the  logic  controller 
correctly  trips  the  accelerator  using  all  redundant  devices. 
After  two  years  of  testing,  the  program  will  have 
established  the  required  reliability  of  these  systems. 

In  order  to  verify  the  estimate  of  the  frequency  of 
initiating  events  it  is  important  to  have  a  clear  definition 
of  what  is  meant  by  an  ‘initiating  event’.  The  following 
definition  was  adopted:  “a  degradation  or  failure  resulting 
in  a  sustained  beam  loss  that,  in  the  absence  of  the  safety 
critical  monitors,  would  lead  to  a  dose  rate  outside  the 
shielding  greater  than  50  mSvh"'”.  Dose  rates  greater  than 
50  mSvh’’  if  sustained  for  the  postulated  maximum 
credible  duration  of  one  hour  would  lead  to  doses  in 
excess  of  the  Canadian  one-year  regulatory  limit  on  dose 
for  Nuclear  Energy  Workers  [2].  Although  a  dose  in 
excess  of  50  mSv  may  not  necessarily  have  serious  health 
consequences  for  the  exposed  individual  such  an  exposure 
would  have  severe  consequences  for  TRIUMF. 

The  definition  then  gives  an  operational  way  to  decide 
whether  a  beam  excursion  that  trips  the  protection 
systems  should  be  classified  as  an  ‘initiating  event’:  it 
must  result  in  a  trip  of  the  ‘safety-critical’  monitors  and 
be  capable  of  generating  a  sustained  radiation  field 
outside  the  shielding  greater  than  50  mSv  h"'.  Since  the 
deployment  of  these  monitors  more  than  one  year  ago, 
only  one  trip  has  occurred.  This  was  due  to  a  dipole 
magnet  located  some  considerable  distance  upstream  of 
the  thin  shielding  monitored  by  the  ‘safety-critical’ 
monitors.  A  problem  with  the  dipole  magnet  power 
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supply  resulted  in  a  1 5%  change  in  the  magnetic  filed  that 
steered  the  high-power  proton  beam  into  the  beam  pipe. 
An  investigation  that  involved  intentionally  steering  a 
lower  power  beam  through  the  full  range  of  magnet 
settings  demonstrated  that  although  the  radiation  field 
during  the  incident  exceeded  the  monitor  trip  level,  it 
could  not  have  exceeded  50  mSvh"'  and  therefore  should 
not  be  counted  as  one  of  the  initiating  events.  By  keeping 
a  record  of  all  such  events  we  hope  to  demonstrate  the 
estimates  of  the  frequency  of  such  events. 

CONCLUSION 

TRIUMF  has  developed  a  new  approach  to  demonstrate 
the  required  high  reliability  for  active  radiation  protection 
systems  by  implementing  two  systems  of  independent  and 
redundant  monitoring  devices  located  outside  the 
shielding  to  protect  against  safety  critical  events. 


Verification  of  the  system  reliability  is  achieved  by 
weekly  testing  of  the  safety  critical  monitors  as  well  as 
the  trip  devices.  When  used  in  conjunction  with  the 
traditional  beam  loss  monitors  we  are  able  to  distinguish 
between  safety  critical  events  and  non-safety  critical  beam 
trips. 
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STRUCTURAL  FINITE  ELEMENT  ANALYSIS  OF  THE  LITHIUM 
COLLECTION  LENS  AT  THE  FNAL  ANTIPROTON  SOURCE* 
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Figure  1 :  Cross-section  diagram  of  Collection  Lens  Device.  Septum  conductor  tube  is  shown  in  blue. 


Abstract 

A  history  of  lithium  Collection  Lens  failures  at  lower 
than  designed  focusing  strengths  has  led  to  extensive 
efforts  to  quantify  the  Lens  loading  environment  and 
structural  behavior.  A  comprehensive  finite  element 
analysis  (FEA)  model  of  the  lithium  Lens  has  been 
developed  as  part  of  these  efforts  and  as  a  tool  to  aid  in 
future  lithium  lens  design  improvements.  The  FEA  model 
includes  complete  device  geometry,  the  excitement 
current  pulse  (damped  sine  wave),  temperature  dependent 
electrical,  thermal  and  structural  (including  strain  rate 
dependent)  material  properties.  Latest  results,  including 
transient  electro-magnetic,  thermal  and  structural 
solutions,  for  the  currently  operational  lithium  Lens 
design  are  presented. 

INTRODUCTION 

The  FNAL  Antiproton  Source  incorporates  a  lithium 
Collection  Lens  to  greatly  improve  the  transmission 
efficiency  of  antiprotons  into  the  Debuncher  ring.  The 
Lens  has  a  large  axial  current  passing  through  a  solid 
lithium  cylinder  that  produces  a  strong  magnet  field 
proportional  to  the  radius.  The  design  gradient  of  the  I  cm 
radius  Lens  was  1,000  T/m  (10  Tesla  surface  field). 
However,  operational  lenses  have  not  been  able  to  sustain 
the  design  gradient  for  enough  pulses  to  be  practical, 
usually  failing  within  days  or  weeks  due  to  mechanical 
failures  of  the  titanium  tube  that  contains  the  lithium, 
historically  called  the  septum  [1].  Running  Lenses  at 
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reduced  gradient  has  allowed  them  to  survive  for  an 
acceptable  length  of  time,  millions  of  pulses.  The  penalty 
for  lowering  the  gradient  is  less  antiproton  yield  due  to 
reduced  focusing  strength.  The  operational  gradient  of  the 
Collection  Lens  is  745  T/m.. 

The  cross-section  of  the  Lens  device  is  shown  in  Figure 
1.  The  most  stressed  part  of  the  septum  is  the  conductor 
tube.  Stresses  arise  from  several  loading  sources  such  as 
thermal  expansion  from  ohmic  and  beam  heating, 
magnetic  forces  from  the  current  pulse,  and  structural 
loading  from  clamping  bolts  and  lithium  filling  pre-load. 
In  order  to  gain  insight  into  the  loading  environment  and 
structural  behavior  of  the  Lens,  a  comprehensive  FEA 
model  has  been  created. 

MODEL  DESCRIPTION 

Using  ANSYS®  [2]  FEA  software  a  10  degree  wedge- 
shaped  half  model  of  the  functional  elements  of  the  Lens 
was  created  to  simulate  the  magnetic  response  of  the  Lens 
to  a  damped  sine  wave  current  pulse  (angular  freq.  of 
8622  Hz  and  damping  coefficient  of  1500  Hz).  Joule 
heating  results  from  this  model  were  then  applied  to  a 
matching  thermal  model  of  the  Lens  along  with  beam 
heating  loads  (estimated  from  MARS  target  simulations), 
transformer  heating  loads  (estimated  from  empirical 
measurements),  and  cooling  loads  (estimated  from 
ANSYS®  FLOTRAN  analysis).  Temperature  results  from 
the  thermal  model  were  then  read  back  into  the  magnetic 
model  in  order  to  re-evaluate  material  properties  at  the 
new  temperature  distribution.  Each  current  pulse  was 
broken  into  10  steps  (37  psec  each)  with  a  cooling  period 
of  2  seconds  between  pulses. 
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Fig.  3;  B9  vs  Radius  for  various  times.  Dots  denote  time 
of  beam  passage. 


Fig.  4:  Temp  distribution,  just  after  400"'  H.G.  pulse  (K). 


Nodal  forces  and  temperature  distributions  were  then 
applied  to  a  matching  structural  model  along  with 
additional  structural  loads  from  the  lithium  pre-load  and 
the  tie-rod  clamping  forces. 

As  can  be  seen  from  the  following  results,  the  behavior 
of  the  lithium  is  essential  to  understanding  the  load 
environment.  Lithium  is  a  structurally  soft  material  that 
exhibits  viscoplastic  hardening  as  well  as  creep  softening. 
Results  from  viscoplastic  tensile  testing  [3]  were 
incorporated  in  this  analysis,  but  as  of  this  writing,  creep 
effects  have  not  yet  been  incorporated. 

Three  loading  scenarios  were  simulated.  First,  a 
benchmark  simulation  was  run  to  compare  calculated 
temperature  results  with  measured  results.  Second,  a 
simulation  was  run  with  low  gradient  (L.G.)  parameters 
(745  T/m,  500  kA  peak  current,  5E12  protons  on  target,  2 


Fig.  5:  Temp  dist.  just  before  401®*  H.G.  pulse  (K). 


sec  pulse  repetition  period).  Finally  a  third  simulation  was 
run  with  the  same  parameters  as  the  second,  but  with  a 
high  gradient  (H.G.)  pulse  (1,000  T/m,  670  kA). 

RESULTS 

For  the  sake  of  brevity  most  of  the  results  pictured  in 
the  figures  will  be  for  the  H.G.  simulation.  Comparisons 
to  the  lower  gradient  simulations  will  be  made  in  the  text. 

Magnetic  results  of  the  model  are  as  expected.  The 
magnetic  flux  density  in  the  theta  direction  is  shown  in 
Figure  2  for  the  time  of  beam  passage.  Figure  3  shows 
how  the  magnetic  flux  density  changes  with  radius  and 
time. 

Figure  4  shows  the  temperature  distribution  in  the  Lens 
just  after  the  400"'  high  gradient  pulse.  The  hottest  spot  in 
the  lithium  is  182.4  °C.  This  is  significant  since  the 
melting  point  of  lithium  is  180.6  °C.  In  comparison  the 
lithium  hot  spot  at  the  lower  gradient  is  120.6  “C.  Figure  5 
shows  the  temperature  distribution  just  before  the  40F* 
high  gradient  pulse.  Note  that  the  hottest  temperatures  in 
the  Lens  are  in  the  steel  body  half  which  is  not  directly 
cooled  by  water. 

Although  not  pictured  here,  it  is  worth  noting  that  the 
benchmark  simulation  results  indicated  temperatures  in  an 
instrumented  area  of  the  body  half  of  80  to  85  "C.  This 
agrees  with  measured  temperatures  of  77  to  82  “C. 

Figure  6  shows  a  vector  plot  of  the  displacement  of  the 
lithium  during  the  peak  magnetic  forces  of  a  high  gradient 
pulse.  It  shows  how  the  radially  inward  forces  push  the 
lithium  out  of  the  ends  of  the  septum  conductor  tube.  In 
addition,  a  small  amount  of  lithium  near  the  opening  of 
the  tube  is  shown  to  be  moving  back  into  the  void  created 
by  the  inwardly  moving  lithium.  This  indicates  separation 
of  the  lithium  from  the  septum  tube  wall  is  probable. 

This  possibility  is  further  confirmed  by  looking  at  the 
hoop  stress  in  the  conductor  tube  versus  time  in  Figure  7. 
The  dip  into  negative  stress  when  magnetic  forces  are  the 
highest  indicates  that  the  tube  is  going  into  compression. 
Ideally,  if  the  lithium  pre-load  is  adequate,  the  tube  wall 
should  only  be  exposed  to  tensile  stresses  to  avoid  stress 
reversals.  After  the  Lens  warms  up  to  quasi-static 
conditions,  this  lithium/titanium  separation  effect 
decreases  in  severity  since  the  effective  pre-load  is 
increased  by  thermal  expansion  of  the  lithium.  Figure  8 
shows  the  hoop  stress  in  the  conductor  tube  for  later  high 
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Fig.  6;  Lithium  displacement  (m)  at  peak  of  H.G.  pulse. 
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Fig.  8:  Cond.  tube  hoop  stress  (Pa)  in  400*^  H.G.  pulse. 


Fig.  9:  Cond.  tube  hoop  stress  (Pa)  in  400^^  L.G.  pulse. 


Fig.  10;  Conductor  tube  hoop  stress  extremes  (Pa)  for 
400'*'  H.G.  pulse  at  peak  magnetic  forces  (top)  and  peak 
lithium  temnerature  ('bottom'). 

There  are  indications  that  at  higher  gradient  the  lithium 
may  be  separating  from  the  septum  conductor  tube  and 
causing  detrimental  stress  reversals  in  the  tube  wall. 
Elimination  of  the  buffer  regions  and/or  higher  lithium 
pre-loads  may  help  avoid  this  effect.  At  higher  gradient 
the  estimated  loading  cycle  (470  MPa,  R=-.2)  is  nearing 
or  surpassing  fatigue  thresholds  for  the  Ti  6A1-4V  alloy 
(462  MPa,  R=.l,  gentle  surface  grind  [4]). 

Future  work  should  incorporate  creep  effects  since 
significant  recovery  of  plastic  deformation  between  pulses 
could  significantly  alter  the  stress  distribution  in  the 
septum  tube.  In  addition,  the  high  strains  in  the  lithium 
suggest  that  lithium  failure  may  be  occurring.  The 
behavior  of  failed  lithium  in  compression  is  a  complicated 
and  probably  unquantifiable  phenomena.  Future  studies 
should  be  undertaken  to  ensure  that  the  lithium  failure 
limit  in  compression  is  not  being  surpassed. 


gradient  pulses  and  can  be  compared  to  the  curve  in 
Figure  9  for  the  low  gradient  simulation. 

Figure  10  shows  the  hoop  stress  in  the  conductor  tube  at 
points  of  maximum  extremes  during  a  quasi-static  high 
gradient  pulse.  Displacements  have  been  exaggerated  by  a 
factor  of  20. 

CONCLUSION 

Although  far  from  complete,  this  analysis  has  already 
yielded  some  significant  results.  There  are  obvious  signs 
that  at  higher  gradient,  portions  of  the  lithium  may 
become  liquid.  Adding  cooling  to  the  body  could  help 
since  a  significant  amount  of  heat  is  originating  there. 
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Abstract 

Future  Linear  Colliders  require  nanometer  stability  of 
the  beams  at  the  interaction  point.  One  approach  to 
stabilising  the  beams  is  to  use  feedback  based  on  inertial 
sensors  (accelerometers  /  seismometers)  to  control  the 
positions  of  the  final  focus  magnets.  Commercial 
seismometers  developed  for  geo-science  applications  have 
sufficient  noise  performance  (nanometer  noise  down  to  a 
fraction  of  a  hertz),  but  due  to  their  large  size  and 
magnetic  sensitivity  are  unsuitable  for  use  in  a  linear 
collider  detector.  We  report  on  the  development  of  a  high 
sensitivity,  compact,  non-magnetic  inertial  sensor  for  this 
application.  In  addition  to  its  use  in  linear  colliders,  the 
sensor  is  also  expected  to  have  application  in  vibration 
measurement  and  control  in  synchrotron  light  sources 

LINEAR  COLLIDER  STABILIZATION 

The  vertical  beam  spot  sizes  at  the  IP  of  linear  colliders 
are  on  the  order  of  a  few  nanometers,  and  in  order  to 
maintain  luminosity  the  relative  beam  positions  must  be 
stabilised  to  a  fraction  of  the  beam  size.  Various 
technologies  have  been  proposed  for  beam  stabilization 
[1],  [2].  Here  we  focus  on  mechanical  stabilization  based 
on  inertial  sensors  for  the  final  focus  magnets  for  the 
NLC. 

One  of  the  largest  contributions  to  beam  motion  is 
ground  motion  coupling  to  the  final  focus  magnets.  The 
differential  motion  of  the  ground  at  the  frequencies  of 
interest  (O.l-lOOHz),  and  at  typical  final  focus  magnet 
separations  varies  substantially  between  sites  [3].  At  a 
quiet  site  no  additional  mechanical  stabilization  is 
required;  however  technologies  are  being  developed  to 
allow  operation  at  noisy  sites. 

Stabilization  of  the  beams  at  low  frequencies  (typically 
below  a  few  Hz)  is  provided  by  feedback  based  on  the 
beam  /  beam  deflection  at  the  IP.  At  higher  frequencies 
mechanical  stabilization  based  on  inertial  sensors  as 
described  here,  or  on  interferometers  [4]  is  used.  High 
frequency  beam  motion  will  be  corrected  with  a  fast  intra¬ 
train  feedback  system  [5]. 

INERTIAL  SENSOR  REQUIREMENTS 

Feedback  from  inertial  sensors  has  been  used  at  SLAC 
to  stabilise  the  6  solid  body  degrees  of  freedom  of  a  40Kg 
aluminium  block  [6].  The  performance  of  this  system  was 
limited  by  the  noise  of  the  compact  geophones  used  for 
feedback. 

Due  to  uncertainties  in  the  expected  ground  motion 
levels,  and  in  the  amount  of  amplification  of  high 
frequency  beam  noise  allowed  from  the  beam-beam 
feedback,  it  is  not  possible  to  give  a  specific  requirement 


for  the  inertial  sensor  noise  For  reasonable  parameters, 
however,  a  noise  level  of  ~3x10‘’M/s^/Hz''^  at  frequencies 
above  0.1  Hz  is  sufficient. 

The  NLC  final  focus  magnets  are  located  within  the 
detector  solenoid,  and  must  therefore  be  physically  small, 
and  able  to  operate  in  a  ~  1  Tesla  magnetic  field. 

Commercial  accelerometers  designed  for  machinery 
vibration  are  compact,  and  those  based  on  piezoelectric 
sensors  are  not  sensitive  to  magnetic  fields,  but  their  noise 
floors  are  typically  ~10'*M/s^/Hz‘'l  Commercial 
geophysics  sensors  (eg.  Streckheisen  STS-2)  have  noise 
floors  <  10  ^M/s^/Hz'^^  but  are  physically  large  and  are 
sensitive  to  magnetic  fields. 

We  were  unable  to  find  commercial  sensors  which  met 
our  requirements,  and  began  a  project  to  develop  a  new 
inertial  sensor,  referred  to  here  as  the  "NLC  inertial 
sensor". 

INERTIAL  SENSOR  THEORY 

All  inertial  sensors  consist  of  a  mass  suspended  from  a 
frame,  with  a  measurement  of  their  relative  positions. 
Position  sensor  technologies  can  have  very  low  noise,  and 
the  theoretical  limit  on  the  sensor  sensitivity  is  the  thermal 
noise  of  the  mass  and  suspension.  This  thermal  noise  limit 
is  due  to  thermal  excitation  of  the  fundamental  mode  of 
the  mass,  which  due  to  the  finite  mechanical  Q,  has 
frequency  components  off  of  the  resonance  frequency. 
The  acceleration  noise  due  to  thermal  noise  of  the 
suspension  and  mass  is  given  by  A=(4KbTwo/mQ)‘'^  [7]. 

For  linear  collider  applications  it  is  the  beam  -  beam 
separation,  not  acceleration  which  is  of  interest,  so  the 
low  frequency  noise  is  typically  the  most  critical  issue.  In 
addition,  various  sources  of  1/f  noise  contribute  to  low 
frequency  noise. 

High  frequency  performance  is  typically  limited  by  the 
second  mechanical  resonance  of  the  suspension  system. 
The  suspension  is  designed  to  maximise  the  lowest 
frequencies  of  higher  order  modes. 

Sensors  for  vertical  motion  have  an  additional  difficulty 
that  they  must  measure  accelerations  which  are  (for  our 
parameters)  10^  smaller  than  the  background  gravitational 
acceleration.  This  manifests  in  the  form  of  spring  creep, 
and  in  temperature  sensitivity  due  to  changes  in  spring 
elastic  modulus. 

INERTIAL  SENSOR  DESIGN 

For  a  simple  mass  on  a  spring  suspension,  the  resonant 
frequency  f  is  related  to  the  change  in  spring  length  under 
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gravity  L=g/(27tf)^.  A  variety  of  "astatic"  suspension 
designs  are  used  in  seismometers  to  obtain  low  resonance 
frequencies  in  a  compact  volume.  [8]. 

The  NLC  inertial  sensor  uses  a  (non-astatic)  leaf  spring 
design  with  the  unconventional  feature  that  the  spring  is 
pre-bent  to  be  flat  under  gravity  load.  The  flat  spring 
results  in  a  high  transverse  mode  frequency  for  a  low 
fundamental  frequency. 

Pre-bent  »  /  Spring 

spring 


Mass 

_ i  Sensor 


Figure  1:  Pre-bent  suspension  spring 


The  fundamental  resonance  of  the  suspended  mass  has 
a  relatively  high  Q  (to  reduce  thermal  noise)  resulting  in 
an  enhancement  in  motion  at  resonance  relative  to  low 
frequency  motion.  Rather  than  design  a  position  sensor 
with  high  dynamic  range,  most  high  sensitivity  seismic 
sensors  use  feedback  to  control  the  position  of  the 
suspended  mass. 

In  most  commercial  feedback  seismometers,  the 
feedback  element  is  magnetic.  For  the  NLC  inertial 
sensor,  which  must  operate  in  a  strong  external  field,  an 
electrostatic  pusher  is  used  for  feedback.  Approximately 
70V  applied  over  a  300  micron  gap  provides  sufficient 
force  to  control  the  mass  position. 

A  variety  of  feedback  algorithms  can  be  used  in  the 
NLC  inertial  sensor  DSP  based  feedback  system.  A 
conceptually  simple  one  which  will  be  used  for  initial 
sensor  testing  is  to  use  feedback  to  maintain  the  mass 
position  fixed  relative  to  the  sensor  frame,  and  use  the 
applied  force  as  the  acceleration  signal. 


SENSOR  MECHANICAL  /  ELECTRICAL 

The  40  gram  Tungsten  test  mass  is  mounted  on  a  15cm 
long  aluminium  cantilever.  The  suspension  spring  is 
BeCu,  pre-bent  by  90  degrees  to  be  flat  under  gravity 
load.  The  spring  is  operated  at  high  stress  (~75%  of  yield) 
to  maximise  the  higher  mode  frequencies  (as  a  result  of 
ANSYS  simulations). 

The  high  stress  in  the  spring  results  in  creep  which  is 
compensated  by  a  non-magnetic  "picomotor"  [9]  that 
moves  the  spring  support  on  a  flexure  mount.  Creep 
measurements  at  SLAC  indicate  that  the  adjustment  range 
will  provide  a  ~20  year  creep  lifetime 

The  sensor  is  expected  to  be  extremely  sensitive  to 
temperature  changes  in  the  suspension  spring,  with  al0'*C 
change  corresponding  to  the  theoretical  thermal  noise  at 
0.1  Hz.  The  change  in  spring  stiffness  due  to  temperature 
is  common  to  all  mechanical  suspension  designs,  and  in 
most  low  high  sensitivity  seismometers  is  mitigated  by 
the  use  of  springs  with  a  small  variation  of  K  with 
temperature.  Unfortunately  these  compensated  materials 
are  ferromagnetic,  and  unsuitable  for  our  application. 
[10]. 


The  NLC  inertial  sensor  design  includes  a  series  of 
"thermal  low  pass  filters"  to  reduce  short  timescale 
temperature  variations  of  the  support  spring.  The  housing 
and  spring  are  gold  plated  to  reduce  temperature  changes 
due  to  thermal  radiation.  Thermal  effects  are  expected  to 
be  the  ultimate  limit  to  low  frequency  performance  of  the 
sensor. 


Table  1:  Sensor  Specifications 


Test  mass 

40  grams 

Design 

Resonant  f 

1.46  Hz 

Measured 

Resonant  0 

~50 

Measured 

Thermal  Noise 

i5xlO-''“M/s^/Hz''^ 

rheory 

Electrical  noise 

10-'"M/s^/Hz''^ 

Calculated 

The  calculated  electrical  noise,  assuming  lOOmW  RF 
drive  power,  the  estimated  coupling,  and  a  lOdB  amplifier 
noise  figure  is  less  than  the  mechanical  thermal  noise.  It  is 
believed  that  1/f  noise  in  the  mechanical  system,  rather 
than  electrical  noise  will  dominate  the  low  frequency 
noise. 


Suspension  tle.siire  spring  (pi-e-bent 
lo  be  Hilt  under  gravity  lotid) 


Klecti'ostatic 
feedback  pusher 
/  -50V.  SOOuni 


Cable  delay 
I  nanosecond 


Slow  adjust 
flexure 


combine 


D.^C 

phase  match 
feedback 


ADC  -  gel  position 
and  phase  mismatch 
information 


Figure  2:  NLC  inertial  sensor  block  diagram 

A  capacitive  sensor  is  used  to  measure  the  position  of 
the  test  mass.  An  RF  signal  at  ~450MHz  is  applied  out  of 
phase  to  two  capacitive  gaps  on  opposite  sides  of  the  test 
mass.  When  the  mass  is  centered  in  the  gap,  the  net 
voltage  induced  in  the  mass  is  zero.  The  induced  voltage 
is  capacitively  coupled  to  the  detection  electronics. 

Any  mismatch  in  the  drive  gap  capacitances  results  in  a 
stable  offset  in  the  mass  position  for  null  signal.  Any 
mismatch  in  the  180  degree  phase  shift  between  the  two 
drive  signals  is  corrected  by  changing  the  frequency  of  the 
oscillator. 

The  detection  electronics  amplifies  the  signals  in  low 
noise  RF  amplifiers,  then  uses  an  1/Q  mixer  to  detect  the 
vector  components  of  the  induced  signal.  DSP  based 
feedback  is  used  to  null  the  1  signal  by  adjusting  the  mass 
position,  and  the  Q  signal  by  adjusting  the  frequency. 

The  sensor  components  are  mounted  in  a  18cm  x  1 1cm 
X  6cm  stainless  vacuum  chamber.  Under  atmospheric 
pressure,  the  mechanical  Q  is  reduced  from  50  to 
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approximately  4  due  to  air  viscosity  in  the  narrow  gaps.  In 
addition,  the  vacuum  provides  thermal  insulation,  and 
prevents  noise  due  to  convection  currents. 


Figure  3:  Sensor  mechanics  installed  in  vacuum  chamber 


PERFORMANCE  TESTS 

Mechanical  construction  of  the  first  sensor  is  complete 
and  testing  has  begun.  The  feedback  system  has  not  yet 
been  commissioned  for  this  sensor. 

The  NLC  sensor  is  mounted  on  a  30  Ton  shielding 
block,  isolated  from  the  ground  by  elastomeric  supports. 
Two  Streckheisen  STS2  seismometers  are  also  mounted 
on  the  block  to  provide  reference  and  calibration  signals. 
The  raw  output  from  the  sensor  is  shown  in  figure  4. 

The  correlation  function  between  the  two  STS-2 
seismometers,  and  between  a  STS-2  and  the  NLC  sensor 
is  shown  in  figure  5. 

The  data  does  not  yet  indicate  the  noise  floor  of  the 
NLC  sensor;  however  the  correlation  between  the  sensor 
and  a  STS2  is  good  down  to  0.2Hz,  indicating  that  it  is 
able  to  measure  motion  in  the  test  lab  down  to  this 
frequency. 

PLANS 

After  the  feedback  is  activated,  the  sensor  response  will 
be  compared  to  a  STS-2  seismometer  in  a  seismically 
quiet  location  at  SLAC.  If  the  noise  floor  meets  the  NLC 
requirements,  production  of  additional  sensors  will  begin 
in  late  2003. 


_  Raw  Sensor  Out  put 

lo'- 


Figure  4:  Sensor  power  spectrum 


Figure  5:  Correlation  between  STS-2  seismometers,  STS2 
vs  NLC  sensor,  NLC  I  vs  Q  output 
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REPORT  FROM  THE  INTERNATIONAL  LINEAR  COLLIDER 
TECHNICAL  REVIEW  COMMITTEE 

G.  A.  Loew,  SLAC,  Menlo  Park,  CA  94025,  USA 


Abstract 

The  International  Linear  Collider  Technical  Review 
Committee  (ILC-TRC),  formed  in  1994,  was  reconvened 
in  February  2001  by  the  International  Committee  for 
Future  Accelerators  (ICFA)  to  assess  the  current  technical 
status  of  all  electron-positron  linear  collider  designs  at 
hand  in  the  world:  TESLA,  JLC-C,  JLC-X/NLC  and 
CLIC.  The  ILC-TRC  worked  for  exactly  two  years  and 
submitted  its  report  to  ICFA  in  February  2003. 

This  paper  presents  the  motivation  behind  the  study,  the 
charge  to  the  committee  and  its  organization,  a  table  of 
machine  parameters  for  500  GeV  c.m.  energy  and  later 
upgrades  to  higher  energies,  the  methodology  used  to 
assess  the  designs,  and  a  ranked  list  of  R&D  tasks  still 
deemed  necessary  between  now  and  the  time  any  one  of 
the  projects  is  selected  by  the  HEP  community  and  begins 
construction.  Possible  future  developments  are  briefly 
discussed. 

MOTIVATION,  CHARGE  AND 
ORGANIZATION 

The  international  high  energy  physics  (HEP) 
community  at  the  present  time  finds  itself  confronting  a 
set  of  fascinating  discoveries  and  new  questions  regarding 
the  nature  of  matter  and  its  fundamental  particles  and 
forces.  The  observation  of  neutrino  oscillations  that 
indicates  that  neutrinos  have  mass,  measurements  of  the 
accelerating  expansion  of  the  universe  that  may  be  due  to 
dark  energy,  and  evidence  for  a  period  of  rapid  inflation 
at  the  beginning  of  the  Big  Bang  are  stimulating  the  entire 
field.  Looming  on  the  horizon  are  the  potential 
discoveries  of  a  Higgs  particle  that  may  reveal  the  origin 
of  mass  and  of  a  whole  family  of  supersymmetric 
particles  that  may  be  part  of  the  cosmic  dark  matter.  For 
the  HEP  community  to  elucidate  these  mysteries,  new 
accelerators  are  indispensable. 

During  the  past  year,  after  careful  deliberations,  all 
three  regional  organizations  of  the  HEP  community 
(AGFA  in  Asia,  HEPAP  in  North  America,  and  ECFA  in 
Europe)  have  reached  the  common  conclusion  that  the 
next  accelerator  should  be  an  electron-positron  linear 
collider  with  an  initial  center-of-mass  energy  of  500 
Giga-electronvolts  (GeV),  later  upgradable  to  higher 
energies,  and  that  it  should  be  built  and  operated  in 
parallel  with  the  Large  Hadron  Collider  under 
construction  at  CERN.  Hence,  this  second  report  of  the 
International  Linear  Collider  Technical  Review 
Committee  (ILC-TRC)  came  at  a  very  timely  moment. 
The  report  was  requested  by  the  International  Committee 
on  Future  Accelerators  (ICFA)  in  February  2001  to  assess 
the  current  technical  status  of  electron-positron  linear 
collider  designs  in  the  various  regions.  Note  that  the  ILC- 


TRC  was  not  asked  to  concern  itself  with  either  cost 
studies  or  the  ultimate  selection  process  of  a  machine. 
The  study  and  production  of  the  report  took  exactly  two 
years.  The  report  was  submitted  and  accepted  by  ICFA  at 
its  February  14,  2003  meeting  in  Tsukuba,  Japan. 

The  four  eV  colliders  under  consideration  were 
TESLA  (1.3  GHz),  JLC(C)  (5.7  GHz),  JLC(X)/NLC 
(1 1 .4  GHz),  and  CLIC  (30  GHz). 

The  charge  for  the  second  ILC-TRC  study  is  given 
below: 


SECOND  ILC-TRC  CHARGE 

■  To  assess  the  present  teehnieal  status  of  the  four  LC 
designs  at  hand,  and  their  potential  for  meeting  the 
advertised  parameters  at  500  GeV  c.m.  Use  common 
criteria,  definitions,  computer  codes,  etc.,  for  the 
assessments 

•  To  assess  the  potential  of  each  design  for  reaching  higher 
energies  above  500  GeV  c.m. 

•  To  establish,  for  each  design,  the  R&D  work  that  remains 
to  be  done  in  the  next  few  years 

•  To  suggest  future  areas  of  collaboration 


The  organization  of  the  ILC-TRC  showing  the  Steering 
Committee  and  the  Working  Groups  is  given  below  in 


Chair 

Gregory  Loew  (SLAC) 

Steering  Committee 

Reinhard  Brinkmann  (DESY) 

Kaoru  Yokoya  (KEK) 

Tor  Raubenheimer  (SLAC) 

Gilbert  Guignard  (CERN) 

Working  Groups 

Technology,  RF  Power  and  Energy 
Performance  Assessments 

Daniel  Boussard  (CERN, 
Retired),  Chair 

Luminosity  Performance 

Assessments 

Gerry  Dugan  (Cornell),  Chair 

Reliability,  Availability  and 
Operability 

Nan  Phinney  (SLAC) 

Ralph  Pasquinelli  (FNAL), 
Co-chairs 

The  members  of  the  Steering  Committee  each 
contributed  a  complete  description  of  their  respective 
designs  and  upgrades  (see  full  report  [1]  and  Table  2  for  a 
summary  of  the  principal  machine  parameters).  While  all 
linear  collider  designs  have  undergone  remarkable 
progress  in  the  past  15  years,  the  machines  reviewed  here 
are  not  all  in  the  same  state  of  readiness.  TESLA  is  most 
advanced  in  terms  of  the  rf  system  feasibility  tests  mainly 
conducted  at  TTF  (DESY).  JLC-C  consists  only  of  a  400 
GeV  c.m.  rf  design  based  on  technology  being  developed 
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for  a  linac-based  PEL  at  SPring-8  in  Japan.  JLC-X/NLC 
have  an  rf  design  based  on  ongoing  tests  at  NLCTA  and 
ASSET  (SLAC).  Both  TESLA  and  JLC-X/NLC  have 
fairly  mature  conceptual  designs.  CLIC  follows  a  more 
novel  approach  based  on  a  two-beam  system  studied  at 
CTF  (CERN),  but  it  needs  more  time  to  be  developed.  If 
successful,  CLIC  could  eventually  reach  3  TeV  c.m. 
within  a  footprint  similar  to  the  other  schemes.  Aside 
from  the  rf  systems,  all  of  the  machines  have  benefited 
from  advanced  tests  at  FFTB  (SLAC)  and  at  ATF  (KEK), 
and  from  experience  with  the  first  linear  collider,  the 
SLC,  which  operated  at  SLAC  from  1988  through  1998. 
The  SLC  experience  has  been  essential  in  understanding 
the  luminosity  potential  of  these  four  designs. 

METHODOLOGY  USED  BY  THE 
WORKING  GROUPS 

The  assessments  of  the  four  linear  colliders  were 
carried  out  by  the  three  Working  Groups  in  Table  1, 
which  in  turn  subdivided  their  tasks  as  follows: 

Technology,  RF  Power  and  Energy 
Performance 

Injectors,  Damping  Rings  and  Beam  Delivery 

Power  Sources  (Klystrons,  Power  Supplies,  Modulators 

and  Low  Level  RF) 

Power  Distribution  (RF  Pulse  Compression,  Waveguides, 
Two-beam) 

Accelerator  Structures 

Luminosity  Performance 

Electron  and  Positron  Sources  (up  to  Damping  Rings) 
Damping  Rings 

Low  Emittance  Transport  (from  Damping  Rings  to  IP) 
Machine  Detector  Interface 

Reliability,  Availability  and  Operability 

Compilation  of  data  from  existing  machines 
Component  reliability  issues 
Machine  Protection  Systems 
Commissioning,  tuning,  and  maintenance 

The  groups  assessed  their  respective  systems  and  topics 
for  all  the  machines.  They  then  summarized  their  positive 
reactions  as  well  as  their  concerns  about  all  relevant 
design  details,  and  translated  their  concerns  into  R&D 
topics  and  milestones  required  to  mitigate  these  concerns. 
About  120  R&D  issues  were  addressed.  The  ILC-TRC  as 
a  whole  then  ranked  the  R&D  issues  according  to  the 
following  four  criteria: 

Ranking  1:  R&D  needed for  feasibility 
demonstration  of  the  machine: 

The  objective  of  these  R&D  items  is  to  show  that  the 
key  machine  parameters  are  not  unrealistic.  In  particular, 
a  proof  of  existence  of  the  basic  critical  constituents  of 
the  machines  should  be  available  upon  completion  of  the 
Ranking  1  R&D  items. 


Ranking  2:  R&D  needed  to  finalize  design 
choices  and  ensure  reliability  of  the  machine 

These  R&D  items  should  validate  the  design  of  the 
machine,  in  a  broad  sense.  They  address  the  anticipated 
difficulties  in  areas  such  as  the  architecture  of  the 
subsystems,  beam  physics  and  instabilities,  and 
tolerances.  A  very  important  objective  is  also  to  examine 
the  reliability  and  operability  of  the  machine,  given  the 
very  large  number  of  components  and  their  complexity. 

Ranking  3:  R&D  needed  before  starting 
production  of  systems  and  components 

These  R&D  items  describe  detailed  studies  needed  to 
specify  machine  components  before  construction  and  to 
verify  their  adequacy  with  respect  to  beam  parameters 
and  operating  procediues. 

Ranking  4:  R&D  desirable  for  technical  or  cost 
optimization 

In  parallel  to  the  main  stream  of  R&D  needed  to  build  a 
linear  collider,  there  should  be  other  studies  aimed  at 
exploring  alternative  solutions  or  improving  our 
understanding  of  the  problems  encountered.  The  results 
of  the  Ranking  4  R&D  items  are  likely  to  be  exploited  for 
improved  technical  performance,  energy  upgrades,  or  cost 
reduction. 

GENERAL  CONCLUSIONS 

•  The  Steering  Committee  and  the  three  Working  Groups 
reached  the  following  general  conclusions: 

•  LC  designs  and  technologies  have  made  remarkable 
progress  in  the  last  15  years 

•  Beam  dynamics  computer  simulations  have  also  made 
remarkable  progress 

•  The  Committee  did  not  find  insurmotmtable 
showstoppers  to  build  TESLA,  JLC-X/NLC  or  JLC-C 
in  the  next  few  years,  and  CLIC  in  a  more  distant 
future,  given  enough  resources 

•  However,  significant  R&D,  which  is  described  below, 
remains  to  be  done  for  all  designs 

•  Reliability,  availability  and  operability  need  much 
greater  attention  than  given  so  far  (see  section  on  peak 
and  integrated  luminosity  below). 

RANKING  OF  RECOMMENDED  R&D 
ISSUES 

Specific  concerns  and  assessments  are  described  in 
great  detail  in  the  report  [1].  All  the  R1  tasks  and  some  of 
the  R2  tasks  (common  to  all  machines)  are  reproduced 
here.  The  reader  who  is  interested  in  more  details  should 
refer  to  the  full  report. 

Ranking  1  Items 

TESLA  Upgrade  to  800  GeV c.m. 

•  The  committee  considered  that  a  feasibility 
demonstration  of  the  machine  requires  the  proof  of 
existence  of  the  basic  building  blocks  of  the  linacs.  In 
the  case  of  TESLA  at  500  GeV  c.m.,  such 
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demonstration  requires  in  particular  that  s.c.  cavities 
installed  in  a  cryomodule  be  running  at  the  design 
gradient  of  23.8  MV/m.  This  has  been  practically 
demonstrated  at  TTFl  with  cavities  treated  by  chemical 
processing.  The  other  critical  elements  of  a  linac  unit 
(multibeam  klystron,  modulator  and  power  distribution) 
already  exist. 

•  The  feasibility  demonstration  of  the  TESLA  energy 
upgrade  to  about  800  GeV  c.m.  requires  that  a 
cryomodule  be  assembled  and  tested  at  the  design 
gradient  of  35  MV/m.  The  test  should  prove  that 
quench  rates  and  breakdowns,  including  couplers,  are 
commensurate  with  the  operational  expectations.  It 
should  also  show  that  dark  currents  at  the  design 
gradient  are  manageable,  which  means  that  several 
cavities  should  be  assembled  together  in  the 
cryomodule.  Tests  with  electropolished  cavities 
assembled  in  a  cryomodule  were  foreseen  in  2003. 

JLC-C 

•  The  proposed  choke-mode  structures  have  not  been 
tested  at  high  power  yet.  High  power  testing  of 
structures  and  pulse  compressors  at  the  design 
parameters  are  needed  for  JLC-C.  Tests  are  foreseen  at 
KEK  and  at  the  SPring-8  facility  in  the  next  years. 

JLC-X/NLC 

•  For  JLC-X/NLC,  the  validation  of  the  presently 
achieved  performance  (gradient  and  trip  rates)  of  low 
group  velocity  structures  -  but  with  an  acceptable 
average  iris  radius,  dipole  mode  detuning  and 
manifolds  for  damping  -  constitutes  the  most  critical 
Ranking  1  R&D  issue.  Tests  of  structures  with  these 
features  are  foreseen  in  2003. 

•  The  other  critical  element  of  the  rf  system  is  the  dual- 
moded  SLED-II  pulse  compression  system.  Tests  of  its 
rf  power  and  energy  handling  capability  at  JLC-X/NLC 
design  levels  are  planned  in  2003.  As  far  as  the  75 
MW  X-band  klystron  is  concerned,  the  Working  Group 
considers  the  JLC-X  PPM-2  klystron  a  proof  of 
existence  (although  tested  only  at  half  the  repetition 
rate).  A  similar  comment  can  be  made  regarding  the 
solid-state  modulator  tested  at  SLAC. 

cue 

•  The  presently  tested  CLIC  structures  have  only  been 
exposed  to  very  short  pulses  (30  ns  maximum)  and 
were  not  equipped  with  wakefield  damping.  The  first 
Ranking  1  R&D  issue  is  to  test  the  complete  CLIC 
structures  at  the  design  gradient  and  with  the  design 
pulse  length  (130  ns).  Tests  with  the  design  pulse 
length  and  with  undamped  structures  are  foreseen  when 
CTF3  is  available  (April  2004). 

•  The  validation  of  the  drive  beam  generation  with  a 
fully  loaded  linac  is  foreseen  in  CTF3.  Beam  dynamics 
issues  and  achieving  the  overall  efficiency  look 
challenging. 

•  In  the  present  CLIC  design,  an  entire  drive  beam 
section  must  be  turned  off  on  any  fault  (in  particular  on 


any  cavity  fault).  CLIC  needs  to  develop  a  mechanism 
to  turn  off  only  a  few  structures  in  the  event  of  a  fault. 
At  the  time  of  writing  this  report,  there  is  no  specific 
R&D  program  aimed  at  that  objective  but  possible 
schemes  are  being  studied. 

Ranking  2  Items  Common  To  All  Machines 
Damping  Rings 

•  Simulations  and  experiments  to  study  electron  cloud 
and  fast  ion  instabilities 

•  Extraction  kicker  stability  <10'^  level 

•  Emittance  correction  algorithms 

Z,ovt'  Emittance  Transport 

•  Static  and  dynamic  tuning  studies  using  beam-based 
alignment  techniques 

•  Development  of  critical  beam  instrumentation, 
including  luminosity  monitors 

•  Main  linac  module  and  quadrupole  vibration  studies 

Overall  Reliability  Studies 

•  A  detailed  evaluation  of  critical  subsystems  reliability 
is  needed  to  demonstrate  that  adequate  redundancy  is 
provided  and  that  the  assumed  failure  rate  of  individual 
components  has  been  achieved. 

•  The  performance  of  beam  based  tuning  procedures  to 
align  magnets  and  structures  must  be  demonstrated  by 
complete  simulations,  in  the  presence  of  a  wide  variety 
of  errors,  both  in  the  beam  and  in  the  components. 

OVERALL  IMPACT  OF  RELIABILITY  ON 
PEAK  AND  INTEGRATED  LUMINOSITY 

The  ILC-TRC  spent  considerable  time  and  effort 
discussing  the  problem  of  reliability,  availability,  and 
operability,  and  their  impact  on  peak  and  integrated 
luminosity  which  are  equally  important  when  one  designs 
a  collider.  Much  work  has  been  done  but  much  more  is 
needed,  regardless  of  which  machine  is  selected.  Unlike 
for  storage  rings,  every  pulse  for  a  linear  collider  is  a 
complete  cycle  from  beginning  to  end.  Experience  with 
the  SLC  at  SLAC  from  1988  to  1998  showed  that  such  a 
machine  cannot  reach  its  peak  luminosity  unless  the 
hardware  is  reliable  and  machine  tuning  algorithms  are 
highly  automated.  Without  these  conditions,  the  process 
of  improving  the  luminosity  does  not  converge. 
Furthermore,  the  major  obstacles  in  running  the  SLC 
efficiently  turned  out  to  arise  not  from  the  linac  rf  system 
(which  can  be  tested  with  prototypes),  but  from  the 
damping  rings,  the  positron  source,  the  arcs,  and  the  final 
focus.  The  future  LC  will  not  contain  arcs  but  it  will  have 
long  beam  delivery  systems  with  many  collimators.  None 
of  these  systems  will  be  testable  ahead  of  time  in  their 
entirety.  Extrapolations  to  a  linear  collider  that  will  be 
ten  times  as  long  and  complex  make  these  considerations 
even  more  stringent  and  difficult. 

Even  so,  experience  with  existing  accelerators  can 
guide  us  by  focusing  on  certain  factors  which  are  helpful 
in  realistically  estimating  integrated  luminosity.  Four 
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relevant  quantities,  ST,  HA,  BE,  and  NL,  are  defined 
below. 

•  ST  is  the  total  scheduled  calendar  time  for  the  machine 
in  a  year. 

•  HA  is  the  fraction  of  time  the  machine  hardware  is 
available  to  produce  beam.  Hardware  downtime 
includes  both  unscheduled  repairs  (when  something 
critical  breaks),  scheduled  repairs  (either  at  regular 
intervals  or  when  enough  problems  have  accumulated), 
and  all  associated  cooldown,  warmup,  and  recovery 
times.  For  an  accelerator,  one  must  consider  not  only 
how  long  it  takes  to  repair  a  failed  component,  but  also 
the  total  time  the  beam  is  off  because  of  the  fault, 
including  time  lost  due  to  access  and  the  time  taken  to 
retune  the  beam. 

•  BE  is  the  effective  fraction  of  beam  time  actually 
delivering  luminosity.  Beam  inefficiencies  include 
Machine  Development  (time  spent  studying  and 
improving  the  accelerator),  the  impact  of  tuning 
procedures,  injection,  and  the  luminosity  decay  during 
a  store  (for  storage  rings).  Machine  Protection  trips  and 
recovery  (for  linacs),  and  last  but  not  least,  the  simple 
fact  that  accelerators  do  not  manage  to  deliver  the  same 
luminosity  on  every  pulse  or  for  every  store. 

•  NL  is  the  nominal  luminosity  during  a  particular  run.  It 
may  be  greater  or  less  than  the  design  luminosity,  but  it 
usually  increases  steadily  with  time.  For  a  storage  ring, 
it  is  the  typical  luminosity  at  the  beginning  of  a  store. 
For  a  linear  collider,  it  is  the  luminosity  when  the 
beams  are  colliding  well. 

Multiplying  these  four  quantities  together  yields  the 
integrated  luminosity.  The  reader  may  perform  such  a 
calculation  by  making  his  or  her  own  guesses  based  on 
other  machines.  If,  for  example,  one  takes  an  ST  of  6500 
hours,  an  HA  of  80%  (perhaps  somewhat  optimistic),  a 
BE  of  80%  (which  includes  10%  for  Machine 
Development  and  10%  for  all  other  inefficiencies),  and  a 
hypothetical  NL  of,  say  10xl0”cm'^s'‘,  then  one  gets  an 
integrated  luminosity  of  150  inverse  femtobams  for  that 
year. 

The  reader  is  cautioned  not  to  take  the  above  numbers 
as  predictions,  but  rather  to  see  this  example  as  a 
reminder  to  the  designers  and  builders  of  a  linear  collider 
of  the  importance  of  reliability,  operability,  and 
tunability. 

A  POSSIBLE  ROADMAP  FOR  THE 
FUTURE 

During  the  past  year,  the  respective  HEP  communities 
in  Asia,  Europe  and  North  America  have  constituted 
regional  steering  committees  to  organize  the  process  that 
could  eventually  lead  to  the  construction  of  an 
international  linear  collider.  To  coordinate  their  work,  an 
International  Linear  Collider  Steering  Committee 
(ILCSC)  has  also  been  formed.  A  possible  roadmap  to 
achieve  these  goals  is  briefly  outlined  below. 

•  By  2004,  the  R1  tasks  for  TESLA  and  JLC-X/NLC  will 
hopefully  be  accomplished. 


•  The  ILCSC  has  already  set  up  international  accelerator 
and  detector  sub-committees  to  continue  relevant 
studies.  A  “wise-persons”  committee  yet  to  be  formed 
will  recommend  the  selection  of  a  single  accelerator 
technology  on  the  basis  of  physics  reach,  technical  and 
cost  comparisons,  as  the  R1  tasks  are  completed. 

•  An  International  LC  Design  and  Management  Group 
will  then  be  created  to  prepare  a  unified  Technical 
Design  Report  and  cost  estimate  in  2-3  years. 

•  Meanwhile,  the  three  regional  steering  committees  are 
engaging  their  respective  government  agencies  to  form 
the  necessary  international  oversight,  management  and 
financial  institutions  to  launch  the  LC. 

•  Once  design  and  cost  estimate  are  completed,  an 
international  decision  to  proceed  can  be  made:  host 
region(s)  will  come  forward,  and  an  ultimate  site  will 
be  selected. 

•  Construction  could  then  begin. 
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Total  site  power  includes  AC  for  linac  rf  and  cooling  systems  as  well  as  power  for  all  other  beam  lines  and  site  facilities. 

The  single  tunnel  layout  has  both  the  klystrons  and  accelerator  structures  in  the  main  linac  tunnel  while  the  double  tunnel  layout  places  the  klystrons  and  modulators  in  a  separate  enclosure.  In  the  CLIC 
scheme,  the  main  linac  uses  a  single  tunnel  since  there  are  no  klystrons  or  modulators  associated  with  it.  The  300  m-long  CLIC  drive  beam  accelerator  is  located  in  a  tunnel  with  a  separate  klystron  gallery 
on  the  surface. 
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DAMPING  RING  DESIGNS  AND  ISSUES* 
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Abstract 

The  luminosity  performance  of  a  future  linear  collider 
(LC)  will  depend  critically  on  the  performance  of  the 
damping  rings.  The  design  luminosities  of  the  current  LC 
proposals  require  rings  with  very  short  damping  times, 
large  acceptance,  low  equilibrium  emittance  and  high 
beam  intensity.  We  discuss  the  design  strategies  for 
lattices  achieving  the  goals  of  dynamical  stability, 
examine  the  challenges  for  alignment  and  coupling 
correction,  and  consider  a  variety  of  collective  effects  that 
threaten  to  limit  beam  quality.  We  put  the  design  goals  in 
context  by  referring  to  the  experience  of  operating 
facilities,  and  outline  the  further  research  and 
development  that  is  needed. 

PERFORMANCE  SPECIFICATIONS 

The  critical  parameters  for  a  linear  collider  damping  ring 
are  the  injected  and  extracted  emittances,  repetition  rate, 
bunch  train  structure,  and  bunch  charge.  Although  they 
do  not  determine  the  damping  ring  design  completely, 
these  quantities  place  strong  constraints  on  choices  of  the 
main  design  parameters,  including  the  circumference  and 
energy.  An  optimization  process  for  a  number  of  features 
of  the  lattice  design  for  a  linear  collider  damping  ring  has 
been  suggested  by  Emma  and  Raubenheimer  [1].  The 
final  design  is  often  a  compromise  between  competing 
requirements.  For  example,  a  higher  ring  energy  is 
favored  by  the  need  for  a  short  damping  time;  however, 
the  normalized  natural  emittance  of  a  storage  ring  scales 
with  the  cube  of  the  energy,  so  the  need  for  a  low 
emittance  favors  lower  energies.  The  final  choice  of 
energy  has  to  take  into  account  collective  effects,  that  are 
often  more  severe  at  low  energy.  There  is  rarely  a  clear- 
cut  optimum  value  for  any  free  design  parameter. 

The  different  technologies  adopted  for  the  main  linacs 
strongly  affect  the  damping  ring  design,  principally 
through  the  train  structure.  TESLA,  with  a 
superconducting  linac,  has  a  long  bunch  train,  consisting 
of  2820  bunches  with  337  ns  bunch  spacing,  and  a 
relatively  low  repetition  rate  of  5  Hz.  By  contrast  NLC, 
using  a  warm  linac,  has  a  train  of  192  bunches  with  1.4  ns 
spacing,  and  a  higher  repetition  rate  of  120  Hz.  To  store 
the  TESLA  bunch  train  in  a  single  damping  ring  would 
require  a  ring  with  a  280  km  circumference;  the  present 
design  [2]  brings  the  ring  down  to  a  practical  length  by 
injecting  and  extracting  individual  bunches  so  that  their 
spacing  in  the  ring  is  only  20  ns. 

The  warm  machines  (NLC,  JLC  and  CLIC)  have  the 
opposite  problem:  the  bunch  trains  are  only  approximately 
80  m  long,  and  to  design  a  ring  with  sufficient  cells  in  this 
circumference  to  meet  the  emittance  specification  is  not 
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practical.  These  machines  therefore  store  several  bunch 
trains  at  once,  with  each  bunch  trains  remaining  in  the 
ring  for  as  many  machine  cycles  as  there  are  trains  in  the 
ring. 

The  critical  parameters  specifying  the  performance  of 
the  damping  rings  are  given  in  Table  1.  As  usual  in  the 
context  of  linear  colliders,  the  normalized  emittance  is 
quoted. 


Table  1:  Damping  Ring  Design  Specifications 


TESLA 

NLC/JLC 

CLIC 

e'^  emittance  in  f/tml 

14,000 

45,000 

e'  emittance  in  f/tml 

40 

150 

10 

Horiz.  emit,  out  f/tml 

8 

3 

1.6 

Vert.  emit,  out  [/iml 

0.02 

0.02 

0.005 

Repetition  rate  fHzl 

5 

120/150 

200 

Bunches/train 

2820 

192 

154 

Bunch  spacing  fnsl 

20 

1.4 

0.66 

Bunch  charge  [10'“l 

2 

0.75 

0.4 

The  positron  beam  arriving  at  the  damping  rings 
typically  has  a  large  six-dimensional  emittanee.  For 
TESLA,  the  positron  beam  is  produced  from  an  undulator 
source,  and  is  eompact  enough  that  it  is  feasible  to  design 
a  ring  that  has  a  sufficiently  large  acceptance  and  that 
meets  the  specifications  for  the  extracted  emittance.  The 
only  difference  between  the  electron  and  positron 
damping  rings  for  TESLA,  is  that  the  positron  ring  has 
significantly  more  damping  wiggler.  In  the  case  of 
NLC/JLC,  the  positron  beam  comes  from  a  conventional 
tungsten-rhenium  target  source,  and  has  significantly 
larger  transverse  and  longitudinal  emittances.  To  allow 
for  this,  the  NLC/JLC  designs  include  a  positron  pre¬ 
damping  ring,  that  has  a  large  acceptance  and  is  required 
only  to  damp  the  beam  to  the  point  that  it  can  be  accepted 
by  a  positron  main  damping  ring  that  is  identical  to  the 
electron  main  damping  ring. 


Figure  1:  Conceptual  Layout  of  the  TESLA  Damping 
Rings 


The  conceptual  layout  of  one  of  the  TESLA  damping 
rings  is  shown  in  Figure  1.  In  the  present  design,  each  arc 
is  approximately  1  km  in  circumference,  and  the  straight 
sections  are  7.5  km  long  and  located  in  the  main  linac 
tunnel.  The  layout  of  the  positron  damping  ring  complex 
for  the  NLC  is  shown  in  Figure  2.  The  present  design  [3] 
includes  a  Main  Damping  Ring  (MDR)  of  300  m  storing  3 
bunch  trains,  and  a  Pre-Damping  Ring  (PDR)  of  231  m. 
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storing  2  bunch  trains.  The  additional  circumference  of 
the  NLC  rings  over  the  lengths  of  the  bunch  trains  is 
necessary  to  allow  for  the  rise/fall  times  of  the  injection 
and  extraction  kickers.  We  diseuss  injection  and 
extraction  schemes  below. 


Figure  2;  Layout  of  NLC  Positron  Damping  Rings  and 
Transport  Lines 


LATTICE  DESIGN 

Damping  rings  are  similar  in  many  respects  to  third 
generation  synchrotron  light  sources,  although  the 
relationship  is  probably  somewhat  closer  in  the  case  of  the 
warm  machines.  However,  damping  rings  require  lower 
natural  emittances  than  are  generally  specified  for  light 
sources,  and  do  not  have  the  same  requirement  for  many 
separate  dispersion-free  straight  sections  for  insertion 
devices.  This  makes  the  Theoretical  Minimum  Emittance 
(TME)  cell  an  appropriate  choice  for  the  arcs,  since  it 
allows  a  low  natural  emittance  to  be  achieved  with 
relatively  few  cells.  The  lattice  functions  in  one  TME  arc 
cell  in  the  NLC  MDR  are  shown  in  Figure  3.  TME  cells 
are  also  used  in  the  arcs  in  the  CLIC  and  TESLA  damping 
rings.  The  NLC  PDR  is  actually  a  ten-fold  Double  Bend 
Achromat  (DBA).  A  comparison  between  some  of  the 
parameters  in  the  NLC  MDR,  the  TESLA  Damping 
Rings,  the  ALS,  and  a  5  GeV  lattice  for  the  ESRF  [4]  is 
given  in  Table  2. 

There  are  a  number  of  considerations  that  need  to  be 
addressed  when  designing  the  lattice.  These  include: 

•  The  natural  emittance  is  ideally  a  little  below  the 
specified  extraeted  horizontal  emittance,  to  allow 
some  margin  for  collective  effects. 


•  With  an  appropriate  design,  the  damping  wigglers 
can  significantly  reduce  the  natural  emittance. 

•  A  large  momentum  compaction  is  needed  to  give  a 
reasonably  long  buneh,  thus  redueing  the  charge 
density  and  reducing  the  impact  of  collective 
effects. 

•  The  natural  chromaticity  of  the  lattice  must  be  kept 
small,  and  locations  provided  with  large  dispersion 
and  good  separation  of  the  beta  functions,  to 
minimize  the  chromatic  sextupole  strengths  and 
give  a  good  dynamic  aperture. 

•  The  vertical  tune  should  be  sufficiently  far  from  an 
integer  value,  so  that  the  closed  orbit  and  vertical 
dispersion  are  not  highly  sensitive  to  magnet 
misalignments. 


Table  2:  Comparison  of  some  parameters  of  the  TESLA 
Positron  Damping  Ring,  the  NLC  MDR,  ESRF  and  ALS 


TESLA 

NLC 

ESRF 

ALS 

Circumference  jm] 

17,000 

300 

845 

197 

Energy  [GeV] 

5 

1.98 

5 

1.9 

Emittance  [gm] 

8 

mm 

25 

25 

Bunch  length  [mm] 

6 

Kfl 

6 

7 

Energy  spread  [%] 

WBtm 

0.1 

Energy  loss  [keV] 

970 

■MfiHIM 

280 

Damping  time  [ms] 

28 

4.1 

■EB 

8.9 

NLC  Main  Damping  Rings 

INJECTION  AND  EXTRACTION 

Injection  schemes  for  synchrotron  light  sources 
generally  rely  on  the  radiation  damping  to  merge  injected 
off-axis  bunches  with  stored  bunches.  This  approach  is 
not  possible  in  a  damping  ring,  since  the  bunch  trains  are 
stored  for  only  a  few  damping  times  before  being 
extracted.  Instead,  bunches  are  injected  into  the  ring  on- 
axis:  a  fast  kicker  is  used  to  deflect  the  incoming  bunches 
so  that  they  have  zero  offset  and  angle  with  respect  to  the 
closed  orbit  at  the  exit  of  the  kicker.  Since  the  kicker 
ejects  any  stored  charge  that  reaches  it  while  it  is  turned 
on,  the  full  bunch  charge  must  be  injected  into  the  ring  in 
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a  single  shot.  The  challenges  in  the  kicker  technology  are 
somewhat  different  between  the  different  machines.  The 
TESLA  kickers  must  have  a  rise/fall  time  of  20  ns,  but  the 
flat  top  only  needs  to  be  as  long  as  a  single  bunch  (some 
tens  of  picoseconds).  For  NLC  and  JLC,  the  rise  and  fall 
times  are  65  ns,  but  a  flat  top  of  around  270  ns  is  needed. 
Achieving  the  desired  stability  on  the  flat  top  (a  fractional 
variation  of  less  than  5x10  '')  can  be  difficult,  though 
some  success  has  been  demonstrated  with  the  use  of 
double-kicker  schemes  to  relax  the  tolerances  [5].  The 
CLIC  Damping  Rings  require  kickers  with  a  rise/fall  time 
of  30  ns,  and  a  flat  top  of  a  little  over  100  ns. 

ACCEPTANCE 

The  large  average  injected  beam  power  into  a  damping 
ring  (48-68  kW  for  the  warm  machines,  and  226  kW  for 
TESLA)  means  that  an  injection  efficiency  close  to  100% 
is  needed  to  avoid  intolerable  radiation  loads  on 
components  in  the  ring.  The  dynamic  aperture  is 
therefore  an  important  issue  (as  is  the  physical  aperture), 
and  is  limited  by  the  sextupoles,  nonlinear  field 
components  in  the  damping  wigglers,  systematic  and 
random  multipole  error  components  in  all  magnets,  and 
tuning  errors.  The  bare  lattice  (with  the  only  significant 
nonlinearities  coming  from  the  sextupoles)  initially  needs 
to  be  carefully  designed  to  give  a  large  dynamic  aperture. 
As  is  clear  from  Table  2,  the  damping  rings  include  much 
more  wiggler  than  is  usual  in  a  light  source  (430  m  in 
TESLA,  61  m  in  NLC,  and  160  m  in  CLIC).  The  effects 
of  the  nonlinear  components  of  the  wiggler  field  therefore 
need  to  be  carefully  considered  [6].  A  detailed  study  for 
the  NLC  suggests  that  the  wiggler  effects,  while  visible  in 
simulations,  should  not  reduce  the  dynamic  aperture  to 
unacceptable  values. 

VERTICAL  EMITTANCE 

The  specification  for  the  extracted  vertical  emittance  is 
demanding,  and  will  require  careful  alignment  of  the 
magnets  and  rigorous  coupling  correction.  The 
fundamental  lower  limit  on  the  vertical  emittance  is 
placed  by  the  opening  angle  of  the  synchrotron  radiation, 
which  excites  vertical  betatron  oscillations  even  in  a 
perfectly  aligned  lattice  [7].  For  the  TESLA  Damping 
Ring,  this  lower  limit  is  approximately  1  nm  (normalized) 
and  for  the  NLC  Main  Damping  Rings,  it  is 
approximately  0.8  nm.  In  practice,  much  larger  vertical 
emittance  is  generated>oth  by  vertical  dispersion  and  by 
betatron  coupling.  The  sensitivity  of  a  lattice  to  various 
misalignments  can  be  estimated  from  knowledge  of  the 
lattice  design  [8],  and  may  be  quantified  by  giving  the  rms 
misalignment  that,  on  its  own,  will  generate  a  specified 
vertical  emittance.  Sensitivity  values  for  the  TESLA 
Damping  Rings,  the  NLC  Main  Damping  Rings,  and  the 
ALS  are  compared  in  Table  3.  A  vertical  emittance  of 
0.02  fim  has  recently  been  achieved  in  the  ALS  [9].  Note 
that  the  values  in  Table  3  should  not  be  interpreted  as 
tolerances,  and  make  no  reference  to  skew  correction  of 
the  coupling.  The  values  quoted  do,  however,  give  an 


indication  of  the  response  of  the  vertical  emittance  to 
different  misalignments  for  different  lattices.  The 
quadrupole  jitter  sensitivity  quoted  in  Table  3  is  the  rms 
quadrupole  misalignment  that  generates  a  vertical  closed 
orbit  distortion  equal  to  the  vertical  beam  size,  which  is 
the  specified  stability  on  the  beam  extracted  from  the 
damping  rings.  A  potentially  significant  effect  leading  to 
emittance  growth  is  the  effect  of  stray  fields  [10]. 


Table  3:  Sensitivity  Estimates 


TESLA 

NLC 

ALS 

Vertical  emittance  [ttm] 

0.014 

0.019 

0.02 

Sextupole  vertical 
alignment  rms  [/tm] 

11 

53 

30 

Quadrupole  roll  rms  [/trad] 

38 

511 

200 

Quadrupole  jitter  rms  [/tm] 

76 

264 

230 

COLLECTIVE  EFFECTS 

The  relatively  high  beam  intensity  in  the  damping  rings 
makes  them  vulnerable  to  a  variety  of  collective 
instabilities  that  threaten  to  limit  the  operational 
performance.  These  effects  range  from  the  familiar 
“classical”  instabilities  such  as  those  driven  by  the 
vacuum  chamber  impedance,  to  others  that  are  less  well 
understood,  or  only  become  significant  in  the  new 
regimes  in  which  the  damping  rings  will  operate. 

Microwave  Instability 

The  energy  spread  in  the  beam  extracted  from  the 
damping  rings  is  rotated  into  bunch  length  in  the  bunch 
compressors  ahead  of  the  main  linac.  It  is  necessary  to 
avoid  effects  that  increase  the  energy  spread,  that  would 
lead  directly  into  an  increased  bunch  length  in  the  linac. 
One  such  effect  is  the  microwave  instability,  driven  by  the 
broad-band  impedance  of  the  vacuum  chamber.  Using  the 
Boussard  criterion,  it  is  possible  to  estimate  the  threshold 
impedance  at  which  the  instability  is  expected  to  occur.  It 
is  usually  desirable  to  aim  for  a  vacuum  chamber  design 
that  leaves  a  generous  safety  margin.  For  the  TESLA  DR, 
the  impedance  threshold  is  Z/n  =  100  mQ  for  the  nominal 
bunch  charge  of  2x10'°  particles.  For  the  NLC  MDRs, 
the  impedance  threshold  is  630  mfl  for  the  nominal  bunch 
charge  of  0.75xl0‘®.  The  vacuum  chamber  design  in  each 
case  will  need  to  be  given  careful  consideration. 

Coherent  Synchrotron  Radiation 

The  synchrotron  radiation  has  an  effect  on  the  beam 
that  can  be  described  by  an  impedance.  Heifets  and 
Stupakov  have  carried  out  an  analysis  of  a  potential 
instability  driven  by  this  impedance  [11],  which  is 
analogous  to  the  microwave  instability.  Effects  consistent 
with  the  Heifets  and  Stupakov  theory  have  been  observed 
at  BESSY  II  and  at  the  ALS  [12].  Calculations  suggested 
that  the  design  of  the  NLC  MDRs  developed  in  2001 
would  operate  close  to  this  threshold,  and  this  motivated  a 
redesign  of  the  lattice  to  raise  the  threshold  by  increasing 
the  momentum  compaction  [3].  Studies  are  continuing.  It 
is  possible  that  interference  effects  of  the  radiation  in  the 
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wiggler  can  modify  the  form  of  the  impedance,  and  this 
could  be  significant  for  a  wiggler-dominated  ring  [13]. 
However,  present  indications  are  that  in  the  present  NLC 
MDR  design,  the  threshold  bunch  charge  for  the  CSR 
instability  will  be  roughly  an  order  of  magnitude  larger 
than  the  nominal  bunch  charge.  The  impedance  scales 
inversely  with  the  circumference  of  the  ring,  so  for  the 
TESLA  Damping  Rings,  despite  the  long  wiggler  and 
large  amount  of  radiation,  CSR  should  be  a  small  effect. 

Space  Charge  Tune  Shift 

The  relatively  low  energy  of  the  TESLA  Damping 
Rings  for  their  large  circumference  means  that  there  will 
be  a  large  incoherent  tune  shift  from  space  charge  forces. 
A  detailed  analysis  of  the  effect  [14]  indicated  that  the 
tune  shift  could  result  in  emittance  growth  from  particles 
crossing  resonance  lines  in  tune  space.  The  proposed 
solution  is  to  use  combinations  of  skew  quadrupoles  to 
couple  the  beam  locally  in  the  straight  sections.  Tracking 
studies  suggest  that  this  solution  would  be  effective  in 
eliminating  the  effects  of  the  space  charge  forces,  and  that 
the  tolerances  on  tuning  the  “coupling  bumps”  are 
reasonable,  so  that  it  would  still  be  possible  to  extract  a 
beam  with  the  specified  vertical  emittance. 

Intrabeam  Scattering 

Intrabeam  Scattering  (IBS)  is  a  familiar  effect  from 
proton  machines,  where  the  small  angle  scattering  of 
particles  within  a  bunch  leads  to  growth  of  the  six 
dimensional  emittance.  In  electron  machines,  the 
relatively  slow  growth  rates  from  IBS  are  usually 
overwhelmed  by  the  radiation  damping,  but  in  very  low 
emittance  regimes,  the  bunch  density  can  be  high  enough 
that  IBS  leads  to  an  observable  increase  in  the  equilibrium 
emittance.  Observations  have  been  made  at  the  KEK 
ATF  [15]  and  at  the  ALS  [16]. 

The  IBS  growth  rates  decrease  with  increasing  bunch 
volume,  and  also  depend  strongly  on  the  beam  energy. 
The  higher  beam  energy  in  the  TESLA  Damping  Rings, 
as  well  as  the  larger  beam  sizes  that  come  from  the  high 
beta  functions  in  the  long  straights  (apart  from  the 
coupling  bumps  designed  to  mitigate  the  space  charge 
effects)  mean  that  IBS  is  a  comparatively  small  effect  in 
the  these  rings.  However,  for  the  lower  energy  damping 
rings  for  the  warm  machines,  IBS  can  potentially  increase 
the  extracted  emittance  above  the  specified  values.  Figure 
4  shows  the  effect  on  the  horizontal  emittance  in  the  NLC 
MDR  calculated  using  the  Bjorken-Mtingwa  formalism 
[17].  The  broken  line  shows  the  horizontal  emittance 
decreasing  from  radiation  damping  to  its  equilibrium 
value.  If  IBS  effects  are  included,  as  the  vertical 
emittance  approaches  its  equilibrium  value,  the  IBS 
growth  rates  increase,  leading  to  an  increase  in  the 
horizontal  emittance.  With  the  nominal  parameters,  the 
extracted  horizontal  emittance  is  3.23  /tm,  a  little  above 
the  specified  value  of  3  jim. 

There  are  a  number  of  possible  solutions  that  may  be 
explored,  including  the  use  of  harmonic  cavities  for  bunch 
lengthening  [18].  We  also  note  that  observations  at  the 


ATF  are  not  in  full  agreement  with  the  theory,  and  an 
experimental  program  is  continuing  with  the  aim  of 
resolving  the  discrepancy. 


..  Figure  4:  Effect  of  IBS  on  Horizontal  Emittance  in  the 
NLC  Main  Damping  Rings 

IBS  is  a  very  strong  effect  in  the  CLIC  Damping  Rings, 
and  presents  significant  challenges  for  their  design  [19]. 

Electron  Cloud 

Free  electrons  are  generated  in  the  vacuum  chamber  of 
an  accelerator  by  a  variety  of  processes,  including 
photoemission,  gas  ionization,  and  secondary  emission. 
Under  certain  circumstances,  in  positron  storage  rings  the 
cloud  density  can  reach  very  high  levels  (often  saturating 
around  the  point  where  the  electron  charge  in  the  chamber 
is  equal  to  the  proton  or  positron  charge).  The  electron 
cloud  can  then  drive  single  bunch  or  multibunch 
oscillations,  effectively  destabilizing  the  beam. 


Figure  5:  Mean  Electron  Cloud  Density  in  the  Damping 
Rings  as  a  Function  of  Secondary  Yield 


Effects  ascribed  to  electron  cloud  have  been  observed 
in  a  number  of  machines,  notably  in  the  low  energy  rings 
of  the  B  Factories  [20].  Estimates  suggest  that  without 
taking  action  to  prevent  the  build-up  of  the  electron  cloud, 
the  impact  on  the  operation  of  the  TESLA  and  NLC/JLC 
Damping  Rings  could  be  severe  [21].  Solenoids  have 
provided  an  effective  solution  at  the  B  Factories  [22]  by 
trapping  secondary  electrons  near  the  vacuum  chamber 
wall,  and  may  be  a  possible  solution  for  the  TESLA 
Damping  Rings.  However,  the  rings  for  the  warm 
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machines  are  densely  packed  with  components,  and  the 
length  that  may  be  covered  by  solenoids  is  relatively 
small.  Instead,  it  is  proposed  to  use  a  low  secondary 
electron  yield  (SEY)  coating,  such  as  titanium  nitride,  to 
suppress  the  production  of  electrons.  Figure  5  shows  the 
mean  cloud  density  in  field-free  regions  of  the  NEC 
positron  MDR  and  TESLA  positron  DR  as  a  function  of 
the  peak  SEY  of  the  chamber  surface  [23].  It  should  be 
noted  that  there  is  still  considerable  uncertainty  in  these 
results,  but  it  seems  clear  that  the  larger  bunch  separation 
in  TESLA  greatly  reduces  the  build-up  by  allowing  time 
for  the  cloud  to  disperse  between  bunches.  Bare 
aluminum  typically  has  a  peak  SEY  of  2.7.  Experimental 
studies  are  underway  to  investigate  the  possibility  of 
achieving  peak  SEY  close  to  1. 

Fast  Ion  Instability 

Ions  generated  during  the  passage  of  a  single  bunch 
train  can  couple  the  bunch  motion,  leading  to  increasing 
amplitude  oscillations  of  bunches  along  the  train. 
Although  a  theoretical  model  exists  for  this  Fast  Ion 
Instability  [24],  it  has  been  difficult  to  study  because  of 
the  lack  of  existing  storage  rings  operating  in  an 
appropriate  (very  low  emittance)  regime.  Qualitative 
observations  have  been  made  at  the  PLS,  and  at  the  ALS 
[25].  It  is  possible  that  the  need  to  stay  below  the  FII 
threshold  will  place  demanding  requirements  on  the 
vacuum  systems,  with  pressures  below  1  nTorr  possibly 
needed.  It  is  hoped  that  with  the  low  coupling  in  the  ALS 
achieved  recently,  quantitative  studies  may  be  performed 
to  confirm  the  models. 

OUTLOOK 

Damping  rings  for  any  future  linear  collider  will  need 
to  operate  in  parameter  regimes  not  commonly  achieved 
by  existing  storage  rings.  The  designs  are  beginning  to 
mature  and  solutions  have  been  proposed  for  all  the  major 
technical  challenges,  although  some  of  the  suggested 
solutions  (for  example,  low  SEY  coatings  for  the  electron 
cloud)  still  need  considerable  work  to  be  proven 
sufficiently  effective.  Experience  at  operating  machines, 
for  example  the  light  sources  and  the  KEK  ATF  prototype 
damping  ring,  will  be  cmcial  in  developing  the  designs 
into  real  machines.  Such  experience  will  include 
optimizing  the  acceptance,  tuning  for  low  coupling, 
verifying  the  models  for  a  range  of  collective  effects,  and 
operating  the  advanced  diagnostics  that  operation  of  the 
damping  rings  will  require. 
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Abstract 

One  of  the  major  challenges  facing  the  proposed  high- 
energy  linear  eV  colliders  is  the  preservation  of  the 
extremely  small  vertical  emittance  from  the  damping 
rings  to  the  interaction  point  (IP).  This  emittance  must  be 
transported  through  bunch  compression  sections,  the  main 
linac  and  finally  through  the  beam  delivery  system  to  the 
IP.  Historically,  the  beam  dynamics  issues  of  each  sub¬ 
system  have  been  studied  quasi-independently,  with  the 
beam  conditions  and  tolerances  being  specified  at  the 
boundaries.  As  part  of  the  recent  International  Linear 
Collider  Technical  Review  Committee  [1],  new 
simulation  tools  have  been  developed  to  simulate  the 
beam  transport  through  the  integrated  system,  including 
static  and  dynamic  errors,  stabilization  systems,  and 
tuning  algorithms. 

INTRODUCTION 

Two  major  factors  in  achieving  the  ambitious 
luminosity  goal  of  a  few  10^'*  cm'^s"'  in  a  future  eV  linear 


collider  are  maintaining  the  small  vertical  normalised 
emittance,  and  keeping  the  nanometer-sized  beams  in 
collision  at  the  IP.  While  the  damping  rings  are 
responsible  for  producing  these  unprecedented  normalised 
vertical  emittances  (~10‘*  m),  the  beam  transport  from  the 
damping  ring  to  the  IP  -  which  includes  the  main  linac  - 
must  preserve  them  to  within  tolerable  levels. 

The  low  emittance  transport  (LET)  system  generically 
refers  to: 

•  the  damping  ring  to  main  linac  transport  line, 
including  bunch  compression  (BC)  and  pre¬ 
acceleration; 

•  the  main  linac; 

•  the  beam  delivery  system  (BDS). 

Table  1  summarises  the  relevant  parameters  for  the  LET 
systems  of  the  TESLA,  JLC/NLC  and  CLIC  designs.  The 
beam  parameters  are  specified  at  the  main  sub-system 
boundaries.  To  some  extent,  the  BC  and  BDS  sub-systems 
of  the  LET  systems  are  interchangeable  between  the 
machines.  The  primary  performance  differences  are 
driven  by  the  choice  of  linac  technology. 


Table  1:  Important  design  parameters  for  the  LET  sub-systems  for  TESLA,  JLC/NLC  and  CLIC  (taken  from  [1]). 


TESLA 

JLC/NLC 

CLIC 

Comments 

c.o.m.  energy 

GeV 

500 

800 

500  1000 

500  3000 

important  for  (ail  sections): 

particles  /  bunch 

xio’" 

2 

1.4 

0.75 

0.4 

Wakefields,  beam-beam 

bunches  /  train 

2820 

4886 

192 

154 

long-range  wakefields. 

bunch  separation 

ns 

337 

176 

1.4 

0.67 

intra-train  feedback 

repetition  rate 

Hz 

5 

4 

120*’ 

200  100 

vibration  suppression 
(orbit  feedback) 

•  ...  ^  ^beam 

initial 

conditions 

GeV 

5 

1.98 

2.42 

nm 

20 

10  . 

20 

5 

important  for  (all 
sections): 

(damping  0^ 

% 

0.13 

0.09 

0.13 

chromatic  effects 

ring)  0, 

mm 

6 

4 

1.3 

Wakefield  effects,  beam- 

beam 

GeV 

4.6 

8 

9 

TESLA  uses  single-stage 
compression.  CLIC  and 

after  bunch  yZy 

nm 

20 

10 

22 

5 

compressor  as 

% 

3 

1.5 

1.36 

NLC/JLC  use  two  stage 

0, 

mm 

0.3 

0.11 

0.035 

compression. 

^beam 

GeV 

250 

400 

250  500 

250  1500 

ye/’ 

nm 

30 

15 

40 

10 

IP 

% 

0.08'"^ 

0.25 

0.25 

(linac  exit) 

mm 

0.3 

0.11 

0.035 

a*v 

nm 

5 

2.8 

3  2.1 

1.5  0.7 

drives  vibration  tolerances 

L 

xlO^''  cm'^s"' 

3 

5 

2  3 

2  8 

including  beam-beam 
enhancement 

i)  NLC/JLC  also  has  options  for  150  Hz  and  100  Hz  operation  at  500  GeV  and  1  TeV  respectively. 

ii)  Includes  emittance  dilution  budget 

iii)  Represents  the  energy  spread  at  the  exit  of  the  main  linac.  At  the  IP,  the  electrons  have  an  additional  contribution  from  the  positron  source 
undulator  which  increases  the  energy  spread  to  ~0. 1 5%  at  =  250  GeV. 
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The  International  Linear  Collider  Technical  Review 
Committee  (ILC-TRC)  published  its  findings  earlier  this 
year  [1],  As  part  of  that  process,  new  simulations  of  the 
performance  of  the  LET  systems  were  performed.  Several 
codes  were  developed  and  bench  marked  against  each 
other.  As  a  by-product  of  the  review,  the  available 
simulation  tools  have  become  more  sophisticated.  In  this 
report,  we  will  first  briefly  overview  the  important  issues 
pertaining  to  LET  system  performance,  and  then  discuss 
the  status  of  the  simulation  tools  that  are  used  to  study 
them. 

BEAM  DYNAMICS  ISSUES 

One  of  the  major  challenges  facing  the  LET  system  is 
achieving  and  maintaining  the  tight  alignment  tolerances. 
Although  there  are  certainly  other  concerns  in  the  LET 
systems’,  we  will  concentrate  on  the  alignment  issues. 

Before  specifically  discussing  component  alignment 
and  beam-based  tuning,  we  will  first  briefly  discuss  each 
LET  sub-system  in  turn  and  highlight  the  main  beam 
dynamics  mechanisms  that  are  important. 

Bunch  Compression 

The  bunch  length  must  be  compressed  from  the  several 
millimetre  lengths  in  the  damping  rings  to  the  sub¬ 
millimetre  lengths  required  at  the  IP,  before  injection  into 
the  main  linac.  Bunch  compression  is  achieved  by  an 
effective  nil  rotation  of  the  longitudinal  phase  space.  In 
JLC/NLC  this  is  achieved  in  two  stages  using  an  L-band 
compressor  at  1 .98  GeV  and  a  X-band  compressor  at 
8  GeV.  The  current  TESLA  design  has  a  single-stage  L- 
band  compressor  at  5  GeV.  One  direct  consequence  of 
bunch  compression  is  the  relatively  large  energy  spread  at 
the  exit  of  the  compressor,  which  can  cause  substantial 
emittance  growth  from  dispersive  effects  arising  from 
component  misalignment.  This  is  particularly  true  for  the 
single  stage  TESLA  system,  where  the  -3%  energy 
spread  after  compression  is  responsible  for  a  large 
fraction  of  the  emittance  growth  budget  over  the  first 
sections  of  the  linac  (^50%  of  the  total  linac  emittance 
growth  is  over  the  first  ~8%  of  the  linac).  The  two-stage 
JLC/NLC  design  mitigates  these  effects  to  a  large  extent 
since  the  energy  spread  from  the  initial  compression  is 
first  adiabatically  reduced  by  accelerating  the  beam  up  to 
8  GeV  before  the  second  stage  is  applied^ 

Other  important  beam  dynamics  issues  in  the  bunch 
compressors  are: 

•  nonlinear  optical  effects  —  especially  the  nonlinear 
path-length  terms  -  must  be  included  in  the 
simulations; 

•  Wakefield  effects  and  cavity  misalignments 
(particularly  tilts)  for  the  longer  bunches  need  to 
be  considered.; 


The  reader  is  referred  to  (for  example)  the  ILC-TRC  report  [1]  for  a 
more  comprehensive  discussion  of  all  the  issues  pertaining  to  the  beam 
dynamics  of  the  LET  systems. 

^  The  final  energy  spread  for  JLC/NLC  is  comparable  to  the  coherent 
energy  spread  introduced  in  the  linac  for  BNS  damping. 


•  the  tolerances  on  both  amplitude  and  phase  of  the 
RF  tend  to  be  very  tight. 

For  the  ILC-TRC  the  bunch  compressor  systems  were 
only  marginally  included  during  the  LET  simulation 
studies,  but  this  is  being  addressed  in  the  current  ongoing 
effort. 

Main  Linac 

The  dynamics  of  the  main  linac  are  generally  divided 
into  multi-bunch  and  single-bunch  effects;  the  former  is 
the  study  of  long-range  Wakefields  (higher-order  modes, 
or  HOMs),  which  can  lead  to  multi-bunch  beam  break  up 
(MBBU).  Singe-bunch  dynamics  are  concerned  with  the 
effects  of  short-range  Wakefields.  Much  engineering 
effort  has  been  invested  on  mitigating  the  HOM  effects  by 
the  use  of  detuned  structures  and  HOM  couplers. 
Assuming  that  these  measures  successfully  damp  the 
HOMs  to  the  required  levels,  it  is  the  single-bunch  effects 
(short  range  wakes)  that  require  the  most  attention:  nearly 
all  of  the  studies  for  the  ILC-TRC  were  concerned  with 
single-bunch  dynamics. 

Emittance  dilution  mechanisms  can  be  loosely 
categorised  into  transverse  wakefield  effects  and 
chromatic  (dispersive)  effects,  although  the  two  are 
related  via  beam  loading  and  its  compensation.  Both 
effects  are  driven  by  the  alignment  of  the  components  and 
the  bunch  trajectory  (orbit).  All  of  the  linac  beam-based 
tuning  algorithms  are  ultimately  concerned  with 
achieving  a  ‘gold  orbit’  which  minimises  the  emittance 
dilution.  The  tolerances  on  both  RF  structure  and 
quadrupole  alignment  are  governed  by  several  factors: 

•  structure  alignment  is  dominated  by  the  strength  of 
the  transverse  Wakefields  which  scale  roughly  as 
the  3"*  power  of  the  RF  frequency,  and  are 
therefore  much  stronger  in  the  X-band  machines 
than  in  TESLA; 

•  the  X-band  designs  compensate  the  stronger 
Wakefields  by  use  of  shorter  bunches,  stronger 
focusing  and  longitudinally  correlated  energy 
spread  (so-called  BNS  damping  [2]),  all  of  which 
lead  to  tighter  (but  still  achievable)  aligiunent 
tolerances; 

•  the  intense  beam-beam  interaction  in  TESLA 
significantly  increases  the  luminosity  loss  for  a 
given  (longitudinally  coirelated)  emittance 
growth*; 

•  the  quadrupole  alignment  tolerance  is  a  function  of 
the  energy  spread  in  the  beam,  and  the  strength  of 
the  focusing,  both  of  which  change  along  the  linac 
(especially  in  the  presence  of  strong  BNS 
damping); 

Beam  Delivery  System  (BDS) 

The  BDS  is  responsible  for  providing: 

•  the  required  strong  demagnification  of  the  beam  to 
produce  nanometre  spot  sizes  at  the  IP; 

*  See  section  on  Beam-Beam  effects. 
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•  post-linac  beam-halo  collimation  to  shield  the 
physics  detector  from  background. 

The  strong  demagnification  is  primarily  achieved  by 
the  short  focal  length  quadrupole  doublet  close  to  the  IP. 
The  resulting  high  chromaticity  of  this  ‘final  lens’  must 
be  compensated  using  strong  sextupole  magnets  in 
dispersive  regions.  The  design  of  such  optical  systems 
requires  a  careful  balance  of  nonlinear  optical  terms,  and 
this  ultimately  leads  to  very  tight  tolerances  on  both  field 
strength  and  alignment  of  the  magnets.  The  worst  case  is 
the  final  doublet  itself,  where  vibration  stabilisation^  to 
the  -nanometer  RMS  level  is  required. 

All  BDS  designs  contain  a  dedicated  collimation 
section.  The  wakefields  induced  by  the  collimator  gaps 
are  a  significant  source  of  emittance  dilution  [3].  The 
collimator  wakefields  amplify  the  transverse  beam  jitter 
and  increase  the  transverse  emittance.  The  ILC-TRC  has 
identified  collimator  wakefields  as  a  concern  for  all  the 
current  proposed  designs. 

Beam-Beam  Effects 

The  dynamics  of  the  beam-beam  interaction  can  be 
loosely  characterised  by  the  disruption  parameter. 


where  is  the  charge  per  bunch,  and  are  the  RMS 
horizontal,  vertical  beam  extents  and  cr^  is  the  RMS 
bunch  length  (all  at  the  IP).  TESLA  has  the  highest  value 
of  disruption  parameter  at  -25  (for  Ecm  =  500  GeV),  while 
JLC/NLC  and  CLIC  have  values  of  13  and  8  respectively. 

The  large  value  for  TESLA  has  a  marked  impact  on  the 
luminosity  performance  due  to  the  so-called  kink 
instability,  where  the  collision  effectively  becomes 
unstable  [4].  The  luminosity  becomes  very  sensitive  to 
relatively  small  variations  in  the  bunch  charge 
distribution,  particularly  in  terms  of  beam-beam  offset: 
for  TESLA,  a  Icr,,  vertical  offset  (5  nm)  causes  -60% 
reduction  in  luminosity,  compared  to  typically  less  than 
10%  for  the  lower  disruption  machines  [1]. 

The  sensitivity  to  beam-beam  offset  can  for  the  most 
part  be  mitigated  by  the  use  of  the  fast  intra-train  beam- 
beam  feedback  system  [5].  Unfortunately  the  high 
disruption  parameter  also  makes  the  collision  sensitive  to 
the  so-called  ‘banana’  effect  [4],  or  longitudinally 
correlated  emittance  growth  of  the  type  driven  by 
Wakefield  effects.  Up  to  30%  reduction  in  nominal 
luminosity  has  been  simulated  for  TESLA  due  to  this 
effect.  Simulations  have  also  shown  that  the  loss  can  be 
regained  by  scanning  the  collision  angle  and  offset  at  the 
IP,  an  optimisation  that  can  potentially  be  performed 
during  a  single  bunch-train  [6]. 

Figures  of  Merit  for  Performance 

In  past  studies,  the  RMS  emittance  has  generally  been 
adopted  as  the  figure  of  merit  for  performance  for  linac 

^  Both  in  terms  of  mechanical  stabilisation  and  beam-based  feedback 
systems. 


studies,  while  the  RMS  transverse  beam  sizes  at  the  IP 
were  used  for  the  BDS.  While  both  of  these  quantities  are 
certainly  useful  and  important,  care  must  be  taken  in 
interpreting  such  results  when  considering  liuninosity.  For 
TESLA,  it  would  be  misleading  to  quote  only  RMS 
emittance  and  beam  size  performance  due  to  the  strong 
disruption  effects.  Conversely,  RMS  values  can  in  some 
cases  overestimate  the  impact  on  luminosity  degradation: 
RMS  values  are  sensitive  to  long  tails  on  distributions 
which  are  often  driven  by  nonlinear  optics  effects  and 
wakefields,  while  the  core  of  the  distribution  - 
responsible  for  the  luminosity  -  remains  unperturbed.  In 
both  cases,  it  is  desirable  to  use  the  luminosity  as 
simulated  by  a  beam-beam  code  such  as  GUINEAPIG  [7] 
to  give  a  better  estimate  of  performance.  Many  of  the 
LET  studies  for  the  TRC  (and  since)  have  used  simulation 
in  which  GUINEAPIG  forms  an  integrated  part. 

STATIC  AND  DYNAMIC  ALIGNMENT 
ERRORS 

Table  2  lists  the  goal  alignment  tolerances  for  design 
luminosity,  and  the  modelled  installation  accuracies. 
Irrespective  of  which  technology  is  being  discussed,  the 
required  tolerances  needed  to  achieve  the  luminosity 
performance  are  not  attainable  with  current  state-of-the- 
art  mechanical  alignment  and  survey  techniques,  and 
beam-based  tuning  and  alignment  methods  are  required. 
At  this  point  the  beam  diagnostics  -  and  particularly  beam 
position  monitors  (BPMs)  -  begin  to  play  a  very 
significant  role.  In  general  the  achievable  performance  of 
these  machines  is  limited  by  the  resolution  of  the  BPMs. 

Static  Alignment  Errors 

For  the  main  linacs,  two  related  methods  of  beam-based 
alignment  have  been  considered  in  detail: 

Dispersion  Free  Steering  (DFS):  as  its  name  implies,  the 
goal  of  this  method  is  to  find  an  orbit  (trajectory)  which 
does  not  generate  dispersion.  The  beam-lattice  energy 
match  is  varied  (through  a  combination  of  beam  energy 
and  magnet  optics  changes* )  and  the  resulting  difference 
orbit  recorded.  From  these  measurements  and  knowledge 
of  the  optics  an  orbit  is  found  which  minimises  the 
difference  when  the  energy  is  changed.  DFS  suffers  from 
several  problems,  not  least  that  in  the  presence  of  BPM 
errors  the  orbit  solutions  tend  to  have  very  large 
amplitudes,  and  this  tendency  must  be  compensated  by 
applying  an  additional  constraint  on  the  absolute  orbit. 
The  method  is  also  sensitive  to  upstream  beam  jitter, 
which  must  be  fitted  out  or  averaged  away  to  avoid 
confusing  the  algorithm.  DFS  has  been  extensively 
simulated  for  all  linac  designs  with  varying  degrees  of 
success,  and  has  been  experimentally  demonstrated  at  the 
SLC  [9]  and  at  LEP  [10]. 


For  TESLA  it  is  important  to  change  the  initial  beam  energy  to 
correctly  measure  the  dispersive  kicks  from  tilted  cavities  [8]. 
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Table  2:  Component  tolerances  for  the  main  linacs.  The 
Luminosity  Tolerances  are  those  random  RMS  values 
which  result  on  average  in  the  budgeted  emittance 
growth  after  a  1-to-l  linac  steering.  The  numbers  should 
be  taken  as  an  indication  of  the  alignment  which  the 
various  beam-based  methods  must  achieve.  Units  are  pm 
and  prad. 


1  TESLA  1  JLC/NLC  I  CLIC 

Luminosity  Tolerances 

BPM  offsets 

25 

5 

0.7 

structure 

offsets 

500 

13 

8 

tilts 

300 

100 

8 

Modelled  Installation  Accuracy 

quadrupole  offsets 

300 

50 

100 

stracture 

offsets 

300 

25 

20 

tilts 

300 

33 

20 

BPM 

offsets 

200 

100 

10 

res. 

10 

0.4 

0.1 

struct.  BPM  . 

res. 

n/a 

5 

10 

girder 

offsets 

200 

50 

- 

tilts 

- 

15 

- 

Notes:  quadnipole,  structure  and  BPM  offsets  are  defined  with 
respect  to  the  girder  alignment,  with  the  exception  of  the  BPM 
cue  number,  which  is  relative  to  a  stretched  wire  system.  The 
girder  alignment  is  with  respect  to  the  accelerator  reference  line.  A 
dash  indicates  an  unknown  (or  not  modelled)  number. 

Ballistic  Alignment  (BA):  with  this  method,  a  reference 
line  is  established  by  turning  all  the  magnets  and  off 
and  allowing  the  beam  to  coast  through  the  section.  The 
BPM  readings  are  then  used  to  define  a  straight  reference 
line^*,  to  which  the  orbit  is  steered  when  the  nominal 
settings  for  the  section  are  restored.  Because  a  single 
ballistic  shot  is  all  that  is  required  to  establish  the  ‘straight 
line’  (to  within  the  BPM  resolution),  the  method  is  not  so 
sensitive  to  beam  jitter.  The  main  disadvantage  with  BA 
is  controlling  the  beam  during  the  ballistic  measurement, 
given  that  it  will  have  a  large  p-beat  and  large  Coherent 
amplitude  in  the  downstream  linac  sections. 

Both  of  these  methods  address  the  quadrupole 
alignment  and  the  related  emittance  dilution  due  to 
dispersive  effects  (they  also  implicitly  address  the  issue  of 
BPM  offsets).  The  achievable  results  are  ultimately  given 
by  the  resolution  of  the  BPMs. 

The  methods  do  not  address  the  control  of  the  structure 
alignment  and  the  associated  transverse  wakefield  effects. 
Here  there  is  a  clear  difference  between  TESLA  and  the 
X-band  machines,  since  the  strength  of  the  Wakefields  are 
much  larger  in  the  latter.  For  TESLA  no  additional 
alignment  over  that  achieved  during  construction  of  the 
cryomodule  and  installation  is  foreseen.  For  both 
JLC/NLC  and  CLIC,  the  significantly  tighter  tolerance 
must  again  be  achieved  using  beam-based  techniques. 
Each  structure  will  have  a  ‘structure  BPM’  which  will 

It  is  particularly  important  to  turn  off  the  RF  for  TESLA  due  to  the 
transverse  kicks  from  the  tilted  eavities  [1 1].  For  JLC/NLC  and  CLIC 
this  is  less  of  a  problem  since  the  cavity  tilts  are  expected  to  be 
compensated  during  the  structure  girder  alignment  process. 

^  The  effects  of  transverse  wakefields  and  other  external  fields  will 
define  how  straight  the  ballistic  line  is. 


effectively  measure  the  transverse  dipole  mode  excited  by 
an  off-axis  beam.  Several  adjacent  structures  will  be 
mounted  on  a  single  remotely  translatable  girder  allowing 
the  average  offset  and  tilt  of  the  structures  to  be  corrected 
to  the  pm-  and  prad-level  respectively. 

Dynamic  Alignment  Errors  (vibration) 

Unfortunately  dealing  with  the  static  errors  is  not  the 
end  of  the  story.  Due  to  ground  motion  and  other 
vibration  sources,  the  accelerator  components  move  away 
from  their  beam-based  aligned  positions  over  time.  The 
most  sensitive  elements  are  the  magnets  in  the  Final 
Focus  System,  where  vibration  tolerances  are  in  the  ~1  to 
100  nm  range  (the  strong  final  doublet  being  the  worst 
case).  Fast  quadrupole  vibration  leads  to  beam  jitter 
which  will: 

•  cause  the  beams  to  move  out  of  collision  at  the  IP; 
and 

•  increase  the  beam  size  at  the  IP  due  to  emittance 
dilution. 

Of  these  two  mechanisms  the  first  is  generally  the  more 
critical.  To  compensate  the  effects  of  component 
vibration,  three  approaches  are  generally  adopted  (with 
varying  degrees  of  emphasis): 

•  use  of  beam-based  orbit  feedback,  particularly  at 
the  IP  to  maintain  the  beams  in  collision; 

•  mechanical  stabilisation  of  components  using 
either  passive  damping  or  active  feedback; 

•  prudent  choice  of  a  ‘quiet’  site. 

In  all  cases  -  and  particularly  when  considering  beam- 
based  feedback  -  the  frequency  spectrum  of  the  ‘noise’ 
and  the  spatial  correlation  must  be  considered.  Three 
ground  motion  models  have  been  developed  [12] 
corresponding  to  measured  quiet,  medium  and  noisy  sites. 
The  models  are  now  extensively  used  to  simulate  ground 
motion  effects  in  the  LET  systems,  examples  of  which 
can  be  found  in  [13]. 

For  beam-based  feedback,  the  beam  repetition  rate  is 
critical.  The  high  rates  of  the  X-band  machines  allow 
suppression  of  beam  motion  (jitter)  below  -lOHz;  typical 
ground  motion  spectra  above  this  frequency  show  motion 
at  the  nanometer  level.  For  TESLA,  the  collisions  at  the 
IP  are  maintained  within  the  long  bunch  train,  which 
effectively  removes  all  train-to-train  jitter  [5].  The  effect 
on  the  emittance  of  the  upstream  jitter  can  be  significant 
however,  where  the  cut-off  for  the  rep.  rate  limited  orbit 
correction  is  typically  0.1  Hz.  Orbit-based  feedbacks  at 
this  rate  are  however  sufficient  for  dealing  with  slow 
diffusive  ground  motion  as  described  by  the  so-called 
law  [14]. 

SIMULATION  TOOLS 

The  tools  used  to  simulate  the  performance  of  the  LET 
must  support  the  necessary  (important)  beam  dynamics 
and  in  addition  allow  the  correct  modelling  of  the  various 
tuning  algorithms  outlined  in  the  previous  sections. 
Specifically  they  should: 
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•  Correctly  model  the  beam  transport  (i.e.  transverse 
optics);  for  the  BC  and  BDS  sections  this  must 
also  include  nonlinear  geometric  and  chromatic 
effects. 

•  Include  acceleration  (including  the  RF  curvature). 

•  Include  transverse  and  longitudinal  wakefield 
effects. 

•  Support  general  three-dimensional  component 
alignment  errors  (transverse  offsets,  tilts  and  rolls 
etc.). 

•  Allow  several  grouped  components  to  move 
together  simulating  the  action  of  girders  and 
mechanical  movers. 

•  Provide  quasi-realistic  models  of  diagnostics  and 
corrector  magnets. 

•  Allow  modelling  of  the  various  tuning  algorithms 
(DFS,  BA,  feedback  systems  etc.) 

•  Support  ground  motion  models,  specifically  the 
frequency  spectrum  and  the  spatial  correlation 
(particularly  across  the  IP). 

Several  tools  now  exist  for  performing  extensive  and 
complex  simulations  of  all  aspects  of  the  LET,  although 
there  is  still  room  for  improvement.  For  the  more  recent 
studies  (specifically  the  TRC),  the  following  tools  were 
used,  either  separately,  or  c/ia/ner/ together: 

LIAR  [15]:  developed  at  SLAC  to  model  both  the  SLC 
andNLC  linacs;  extensively  used  forNLC  simulations. 
PLACET  [16]:  developed  to  study  both  the  CLIC  main 
linac  and  drive  beam  dynamics.  One  particular 
noteworthy  aspect  of  PLACET  is  its  speed. 

MERLIN  [17]:  developed  at  DESY  for  tuning  and 
ground  motion  studies  for  the  TESLA  BDS,  and  extended 
to  include  the  main  linac  and  bunch  compressor 
dynamics. 

GUINEAPIG  [7]:  used  extensively  for  modelling  the 
beam-beam  interaction. 

DIMAD  [18]:  ray  tracing  optics  code  which  includes 
synchrotron  radiation  effects,  used  for  BDS  and  BC 
studies. 

MADacc  [19]:  A  SLAC  version  of  the  MAD  code  which 
includes  acceleration  and  wakefields. 

ELEGANT  [20]:  ray  tracing  code  which  includes 
acceleration,  wakefields  and  both  incoherent  and  coherent 
synchrotron  radiation. 

Each  of  these  codes  can  be  used  with  various  degrees  of 
successes  for  specific  sub-systems  of  the  LET,  and 
several  of  them  have  been  successfully  benchmarked 
against  each  other  [21]. 

SIMULATION  AND  THE  REAL  WORLD 

The  expected  luminosity  performance  of  all  the  linear 
collider  designs  is  essentially  based  on  simulation.  The 
types  of  simulations  briefly  reviewed  in  this  report  have 
shown  that  the  LET  systems  can  for  the  most  part  perform 
to  the  design  goals  providing  the  initial  conditions  and 
hardware  performance  of  the  systems  simulated  are 
achieved.  Specifically: 


•  the  component  installation  alignment  tolerances 
(table  2)  are  achieved; 

•  the  BPMs  and  other  diagnostics  perform  to  the 
desired  resolution  and  do  not  excessively  drift; 

•  the  mechanical  magnet  and  girder  movers  (several 
hundreds  for  JLC/NLC  and  CLIC)  perform  to 
specification; 

•  fast  feedback  kickers  and  other  corrector  magnets 
perform  within  tolerances; 

•  the  time  required  for  static  tuning  is  short 
compared  to  the  characteristic  time  for  the  natural 
component  drift. 

The  simulations  are  only  as  good  as  the  information 
that  goes  into  them.  The  next  step  is  to  include  the  impact 
of  ground  motion  (vibration)  on  the  static  tuning 
algorithms'^,  a  task  that  has  already  begun  [22].  The 
effects  of  component  failures  and  ‘flyers’  (j.e.  a  few  %  of 
components  whose  alignment  are  at  several  standard 
deviations  of  the  distribution)  also  need  to  be  quantified. 
Modelling  of  the  alignment  and  survey  techniques  rather 
than  just  using  random  uncorrelated  errors  is  another 
potential  topic  of  study. 
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Abstract 

The  performance  of  high  energy  linear  colliders  depends 
critically  on  the  stability  with  which  they  can  maintain 
the  collisions  of  nanometer-size  beams.  Ground  motion 
and  vibration,  among  other  effects,  will  produce  dynamic 
misalignments  which  can  offset  the  beams  at  the  collision 
point.  A  system  of  train-to-train  and  intra-train  beam- 
beam  feedbacks,  possibly  combined  with  additional  beam- 
independent  active  systems,  is  planned  to  compensate  for 
these  effects.  Extensive  simulation  studies  of  ground  rrio- 
tion  and  luminosity  stabilization  have  been  performed  as 
part  of  the  work  of  the  International  Linear  Collider  Tech¬ 
nical  Review  Committee  [1].  This  paper  presents  a  com¬ 
parison  of  the  expected  performance  for  TESLA,  JLC/NLC 
and  CLIC  under  various  assumptions  about  feedbacks  and 
the  level  of  ground  motion. 

INTRODUCTION 

Small  emittances  and  nanometer-size  beams  at  the  inter¬ 
action  point  of  a  linear  collider  lead  to  tight  stability  tol¬ 
erances  on  the  collider  components.  Ground  motion  and 
vibration  can  disturb  alignment  and  degrade  the  luminos¬ 
ity  via  separation  of  the  beams  at  the  IP  or  beam  emit- 
tance  growth.  A  train-to-train  beam-beam  deflection  feed¬ 
back  (or  intra-train,  as  planned  for  TESLA)  is  necessary  to 
keep  the  beams  colliding.  Below,  we  will  investigate  per¬ 
formance  of  such  beam-beam  feedback,  in  the  presence  of 
ground  motion.  Alignment  tolerances  for  beam  offset  at 
the  IP  are  much  tighter  than  those  for  emittance  growth, 
and  therefore  beam  separation  can  occurs  on  a  faster  time 
scale  than  beam  emittance  growth.  We  therefore  can  ig¬ 
nore  other  orbit  feedbacks  (in  the  linac  or  beam  delivery) 
which  act  on  much  slower  time  scales  and  the  concentrate 
discussion  only  on  the  IP  feedback  and  its  performance. 

ASSUMPTIONS  AND  METHODS 

Ground  motion  amplitudes  and  correlation  properties 
vary  significantly  from  site  to  site  and  depend  on  many  fac¬ 
tors.  To  span  the  possible  range  of  site  conditions,  three 
models  of  ground  motion  were  considered:  (A  -  “Low”, 
B  -  “Intermediate”,  and  C  -  “High”  noise).  These  models 
are  based  on  measurements  on  the  tunnel  floor  of  LEP  and 
at  California  representative  sites  for  A,  at  the  SLAC  tunnel 
and  the  Aurora  mine  near  FNAL  for  B,  and  on  the  tunnel 
floor  of  HERA  for  C.  The  models  are  represented  by  a  pa- 

*  Work  supported  in  part  by  US  DOE,  Contract  DE-AC03-76SF00515. 


rameterized  2-D  power  spectmm  P{u),  k),  to  properly  de¬ 
scribe  both  the  spatial  and  temporal  correlations  of  ground 
motion.  The  models  include  a  contribution  from  diffusive 
ATL  motion  that  dominates  at  low  frequencies  and  van¬ 
ishes  for  high  frequencies,  contribution  from  isotropically- 
distributed  plane  waves  propagating  in  the  ground  repre¬ 
senting  fast  motion  including  cultural  noise,  and  systematic 
motion  (occurring  in  month-year  time  scale).  Each  model 
is  described  by  a  couple  dozens  of  parameters.  The  tradi¬ 
tional  spectra  can  be  obtained  from  the  2-D  spectmm,  see 
an  example  in  Fig.l.  Details  of  the  models  and  relevant 
parameters  can  be  found  in  [2].  The  models  have  been  im¬ 
plemented  in  the  codes  Matlab-LIAR  [3]  and  PLACET  [4]. 

In  addition  to  “on  the  tunnel  floor”  ground  motion,  it  is 
important  to  consider  any  noises  generated  on  the  girders, 
inside  and  near  of  a  cryostat,  or  amplification  by  imperfect 
girders  (see  more  discussion  in  [1]  and  [5]).  The  specific 
case  of  vibration  of  an  experimental  detector  that  affects  the 
stability  of  the  final  doublet  (FD,  which  has  the  tightest  jit¬ 
ter  tolerances)  is  considered  separately.  The  detector  noise 
model  is  based  on  measurements  made  at  SLD  in  1995  [6] 
shown  in  Fig.2.  These  measurements  would  indicate  about 
30  nanometers  of  final  doublets  relative  motion  due  to  de¬ 
tector  vibration.  This  should  be  considered  a  pessimistic 
upper  limit  as  vibration  control  was  not  a  design  criteria 
for  the  SLD  and  the  measurements  were  made  under  less 
than  optimal  conditions  (e.g.  the  cooling  water  was  on,  but 
the  magnetic  field  was  off,  which  would  otherwise  stiffen 
the  detector).  Therefore,  it  is  important  to  stress  that  the 
assumed  model  for  detector  vibration  is  pessimistic. 


Figure  1:  Example  of  ground  motion  modeling  spectra. 
The  integrated  absolute  spectra  (solid  lines)  and  the  inte¬ 
grated  relative  (for  dL=50m)  spectra  (dashed  lines). 
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Figure  2:  Results  of  1995  vibration  measurements  on  the  SLC  detector  [6]  (left  plot).  The  integrated  spectra  shows  that 
the  difference  of  the  motion  (blue  solid  line)  of  the  South  triplet  (red  dashed  curve)  and  the  North  triplet  (green  dash-dot 
curve)  is  about  30  nm,  as  measured  by  two  STS-2  seismometers  installed  on  the  triplets.  Black  dotted  line  shows  an 
approximation  for  the  FD  noise  used  in  the  integrated  simulations.  The  right  plot  shows  the  modeling  transfer  functions 
used  in  simulations  to  represent  FD  stabilization. 


In  such  conditions  the  final  doublet  in  warm  machines 
would  require  active  stabilization.  Both  JLC/NLC  and 
CLIC  propose  to  use  a  combination  of  laser  interferometers 
and/or  inertial  sensors  to  drive  piezoelectric  or  electrostatic 
mechanical  actuators  or  dipole  correctors  to  adjust  the  po¬ 
sition  of  the  FD  magnetic  center,  and  such  methods  are  be¬ 
ing  developed.  The  doublet  stabilization  was  modeled  by 
the  idealized  transfer  funetion  shown  in  Fig.2  (solid)  or,  for 
some  cases,  with  a  less  idealized  curve  (dashed). 

The  train-by-train  IP  beam-beam  feedback  based  on  the 
NLC  design  [7]  was  reoptimized  for  each  vibration  as¬ 
sumption.  The  intra-train  feedback  was  simulated  in  a 
“simple”  way  where  the  average  position  and  angle  offset 
was  simply  zeroed,  and  latency  was  ignored.  For  TESLA, 
a  “full  optimization”  version  was  also  studied  which  varied 
the  offsets  during  the  train  to  find  maximum  luminosity  [8]. 

In  simulations,  first,  the  machines  were  misaligned  and 
then  a  simple  one-to-one  trajectory  correction  applied  to 
mimic  a  ‘tuned’  collider.  In  addition  to  quad  and  strue- 
ture  offsets,  strueture  tilts  were  included.  The  rms  magni¬ 
tudes  of  the  misalignments  were  chosen  to  produce  nomi¬ 
nal  luminosity  on  average  and  to  reproduce  approximately 
the  expected  amount  of  yz  and  y'z  correlation  along  the 
bunch  to  realistically  account  for  the  banana  effect.  The 
beam-beam  collisions  were  realistically  simulated  using 
the  GUINEAPIG  program  [9].  In  all  cases,  the  luminosity 
was  calculated  for  256  pulses  at  the  collider  repetition  rate, 
corresponding  to  an  elapsed  time  of  5 1  seconds  for  TESLA, 
2.1  seconds  for  NLC/JLC  and  1.3  seconds  for  CLIC.  For 
TESLA,  this  time  is  long  enough  to  see  a  slow  degrada¬ 
tion  in  luminosity  from  orbit  errors  in  the  BDS,  and  con¬ 
sequently  requires  the  inclusion  of  an  upstream  orbit  feed¬ 
back,  not  needed  on  a  1-2  second  time  scale.  Simulations 
were  made  with  Mat-LIAR  and  PLACET  and  represent  in 
total  over  half  a  year  of  CPU  time.  For  the  cases  cross¬ 
checked,  good  agreement  between  the  eodes  was  found. 
For  these  studies,  only  one  bunch  was  tracked,  and  bunch- 
to-bunch  effects  were  ignored. 


SIMULATION  RESULTS 

Figure  3  is  an  example  of  results  with  only  the  train-to- 
train  IP  feedback,  showing  luminosity  as  a  function  of  train 
number  for  each  project  (beam-beam  parameters  and  train 
repetition  rate  affect  strongly  this  performance,  see  more 
in  [7]).  All  the  simulation  results  are  summarized  in  Figure 
4  showing  the  percentage  of  luminosity  obtained  for  each 
linear  collider  under  GM  models  A  through  C,  with  and 
without  additional  final  doublet  vibration  induced  by  the 
detector,  and  with  different  combinations  of  IP  feedbacks 
and  FD  stabilization.  Each  point  represents  nine  different 
seeds  of  Mat-LIAR  run  -  three  for  the  machine  and  three 
for  the  ground  motion  (PLACET  simulations  typically  in¬ 
volved  25  seeds).  The  results  are  averaged  over  256  trains 
(50  for  TESLA,  to  ignore  absence  of  BDS  orbit  feedback). 

From  these  studies,  one  can  see  that  for  ground  mo¬ 
tion  models  A  and  B  with  no  additional  detector  noise, 
all  designs  maintained  nominal  luminosity  with  the  speci¬ 
fied  beam-based  IP  feedback  alone  (intra-train  for  TESLA, 
inter-train  for  the  others). 

For  pessimistic  estimate  of  detector  noise  the  luminosity 
drops  significantly  (to  ~35%  for  NLC/JLC  and  to  ~12% 
for  CLIC)  independent  of  ground  motion  model.  For  mod¬ 
els  A  &  B  the  FD  stabilization  recovers  full  luminosity.  For 
more  pessimistic  assumptions  on  FD  stabilization,  less  FD 
vibration  can  be  accommodated  without  degrading  the  lu¬ 
minosity  -  e.g.  for  NLC  with  model  B  the  recovered  lumi¬ 
nosity  is  about  75%.  For  TESLA,  the  intra-train  feedback 
is  expected  to  compensate  for  detector  noise. 

For  ground  motion  C,  there  was  a  significant  deteriora¬ 
tion  of  the  luminosity.  Even  without  detector  noise,  the  lu¬ 
minosity  dropped  to  below  30%  for  CLIC  and  below  60% 
for  NLC/JLC.  Doublet  stabilization  only  improved  this  to 
50-70%,  independent  of  whether  detector  noise  was  in¬ 
cluded.  For  TESLA,  the  luminosity  was  85%  assuming  a 
perfect  intra-train  angle  and  offset  feedback.  This  could  be 
raised  to  95%  with  perfect  luminosity  maximization. 
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Figure  3:  Simulations  of  LCs  with  three  models  of  ground  motion  and  only  the  train-to-train  IP  feedback.  The  FD  follows 
the  ground.  The  slow  decline  of  luminosity  in  TESLA  is  due  to  the  absence  in  simulations  of  the  orbit  correetion  in  BDS. 


L,% 

100 

80 

60 

40 

20 

O 

Figure  4:  Percentage  of  luminosity  obtained  for  each  LC  with  ground  motion  models  A  ,B,  C,  with  and  without  additional 
vibration  of  FD,  and  with  different  combinations  of  IP  feedbacks  and  FD  stabilization. 
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DISCUSSION  AND  SUMMARY 

Many  important  effects  were  either  not  included  or  too 
idealized:  multibunch  effects;  realistic  effects  of  the  intra¬ 
train  position  and  angle  kiekers;  intra-train  IP  feedback  la¬ 
tency;  jitter  amplification  due  either  to  Wakefields  in  the 
post-linac  collimation  system  or  due  to  multibunch  par¬ 
asitic  beam-beam  effects;  interplay  of  different  feedback 
systems  with  different  time  scales;  hardware  imperfections, 
e.g.  beam  losses  affecting  position  monitors  or  finite  res¬ 
olution  of  the  fast  luminosity  monitors;  non-vibrational 
sources  of  beam  jitter  (train-to-train  and  intra-train),  such 
as  damping  ring  extraction  kickers. 

One  of  the  challenges  is  not  the  luminosity  loss  itself,  but 
its  jitter.  The  results  presented  are  based  on  the  assump¬ 
tion  of  a  machine  tuned  to  the  nominal  luminosity  at  time 
zero  -  convergenee  of  such  tuning  may  be  hampered  by  jit¬ 
ter  of  luminosity  and  orbits.  High  repetition  rate  of  warm 
machines  with  possibility  of  averaging  for  more  accurate 
measurements  of  luminosity,  and  possibility  of  luminosity 
maximization  within  the  train  for  the  cold  machine,  are  the 
corresponding  hopes  of  each  design.  The  importance  of 
jitter  for  tuning  convergence  is  currently  being  studied. 

Choice  of  a  site  for  a  linear  collider  which  is  sufficiently 
quiet  now,  will  remain  quiet  in  the  future,  would  be  also 
compatible  with  multi-TeV  upgrade  (which  would  further 


tighten  the  tolerances),  is  a  challenge,  especially  because 
the  choice  cannot  be  made  only  on  technical  reasons.  The 
TRC  report  [1]  discuss  the  types  of  sites  and  expected  noise 
level,  and  states  that  a  shallow  tunnel  in  unfavorable  geol¬ 
ogy  and/or  in  an  urbanized  area  represents  the  greatest  un¬ 
certainty  and  risk  in  estimating  noise  levels,  and  requires 
extremely  careful  study. 

Technology-generated  in-tunnel,  on-girder  and  in¬ 
cryostat  noise,  for  example  currently  being  studied  cool¬ 
ing  water  induced  noises,  vibration  of  quadrupoles  in¬ 
side  cryostats,  vibrations  coming  from  klystron  modulators 
[10],  vibration  transfer  along  and  between  the  parallel  tun¬ 
nels,  is  another  challenge  which  requires  vigilant  study  and 
careful  counter-engineering. 

The  authors  appreciate  productive  collaboration  with  all 
the  ILC-TRC  group  during  these  studies. 
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Abstract 

The  Compact  Linear  Collider  (CLIC)  aims  at  colliding 
e+e“  beams  at  1.5  TeV  with  effective  transverse  spot  sizes 
of  60  nm  (horizontal)  times  0.7 nm  (vertical).  Strict  stabil¬ 
ity  tolerances  must  be  respected  in  order  to  achieve  a  suf¬ 
ficient  overlap  of  the  two  colliding  beams.  A  stability  test 
stand  has  been  set  up  at  CERN,  bringing  latest  stabiliza¬ 
tion  technology  to  the  accelerator  field.  Using  this  tech¬ 
nology,  a  CLIC  prototype  magnet  was  stabilized  in  a  nor¬ 
mal  CERN  working  environment  to  less  than  1-nm  vertical 
RMS  motion  above  4  Hz.  Detailed  simulations  of  the  time- 
dependent  luminosity  performance  of  CLIC  are  discussed. 
They  include  the  beam-beam  interaction,  the  beam-based 
feedbacks  and  the  measured  data  on  magnet  stability. 

1  INTRODUCTION 

The  Compact  Linear  Collider  (CLIC)  Study  at  CERN  [  1  ] 
aims  at  colliding  e+e”  beams  at  1.5  TeV  with  a  luminosity 
of  about  10^®  cm“^  s“^.  In  order  to  achieve  this  luminos¬ 
ity  performance  the  transverse  beam  size  at  the  interaction 
point  must  be  as  small  as  60 nm  (horizontal)  times  0.7nm 
(vertical).  CLIC  will  rely  on  a  beam  based  feedback  sys¬ 
tem  for  the  correction  of  magnet  motion  below  few  Hz,  but 
the  faster  motion  of  the  quadmpole  magnetic  center  must 
be  mechanically  stabilized  to  a  fraction  of  the  beam  size. 
The  vertical  uncorrelated  motion  above  4  Hz  for  the  CLIC 
quadrupoles  must  be  smaller  than  1 .3  nm  (linac)  and  0.2  nm 
(final  doublets)  [2].  The  final  goal  for  the  CLIC  Stability 
Study  is  to  demonstrate  that  such  tolerances  can  actually  be 
met.  The  approach  that  has  been  followed  is  to  bring  mod¬ 
em  stabilization  technologies  to  the  accelerator  field.  The 
goals  of  the  first  phase  of  the  CLIC  Stability  Study,  as  de¬ 
fined  in  January  2002,  are:  (1)  Establish  vibration  measure¬ 
ments  with  sub-nanometer  accuracy;  (2)  Investigate  mod¬ 
em  techniques  for  the  stabilization  of  accelerator  magnets; 
(3)  Predict  the  time-dependent  luminosity  performance  of 
CLIC  with  the  achieved  magnet  stability.  These  items  are 
addressed  in  the  Sections  2,  3  and  4,  respectively.  In  Sec¬ 
tions  some  conclusions  are  drawn. 

2  MEASUREMENT  SETUP 


Figure  1:  Installation  of  a  CLIC  prototype  quadmpole  on 
the  stabilized  honeycomb  support  stmcture.  A  doublet 
without  (left)  and  with  (right)  a  non  vibration-optimized 
alignment  support  was  used. 


the  sensors  and  the  basic  notation  are  briefly  reviewed. 
The  vibration  measurements  are  performed  with  tri-axial 
geophones  that  measure  velocities  in  the  4  Hz-315  Hz  fre¬ 
quency  range.  In  Fig.  1  two  geophones  installed  on  CLIC 
prototype  quadmpoless  are  shown.  These  sensors  have  a 
sub-nanometer  accuracy  in  the  frequency  range  of  inter¬ 
est.  An  upper  limit  for  the  resolution  is  given  by  the  dif¬ 
ference  signal  from  two  sensors  placed  side-by-side.  At 
4 Hz  a  0.28  nm  resolution  was  measured.  The  confidence 
in  the  absolute  calibration  of  the  geophones  was  assessed 
by  comparing  different  vibration  sensors.  Two  geophones 
from  other  manufacturers  available  at  CERN  and  at  ESRF 
[3]  and  a  capacitive  distance  meter  (relying  on  a  differ¬ 
ent  physical  phenomenon  for  the  vibration  measurements) 
have  been  compared  with  the  geophones  of  Fig.  1 .  These 
comparisons  have  demonstrated  a  good  agreement  between 
the  different  sensors.  In  a  wide  range  of  frequencies  (5  Hz- 
50  Hz)  and  vibration  amplitudes  (0.1nm-80nm)  the  vari¬ 
ous  measurements  show  a  spread  of  a  few  percent.  On  the 
basis  of  these  results,  the  absolute  error  of  the  vibration 
measurements  is  believed  to  be  smaller  than  10  %. 

A  geophone  provides  a  measure  of  the  vibration  velocity 
v{n)  at  the  discrete  times  nAi,  where  At  =  0.001  s  is  the 
sampling  time  and  n  =  1, 2, ...,  AT.  iV  is  the  total  number 
of  measurement  points.  The  power  spectral  density  of  the 
displacement,  P[fk)  is  defined  for  the  discrete  frequency 
A  =  TvS 


PUk)  = 


AfAt^ 

27r^fc^ 


n=l 


(1) 


A  detailed  summary  on  the  sensors  used  for  vibration 
measurements  in  the  framework  of  the  CLIC  Stability 
Study  is  given  in  [2].  Here,  the  main  characteristics  of 
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Figure  2:  Integrated  RMS  vertical  motion  on  the  floor  and 
on  a  stabilized  CLIC  prototype  quadrupole(see  Fig.  1,  left 
part).  Relevant  CLIC  tolerances  are  also  indicated. 

where  kmax  corresponds  to  the  largest  measurable  fre¬ 
quency.  In  order  to  reduce  the  statistical  uncertainty  on  the 
measurement  results,  P{fk)  is  calculated  as  the  average  of 
several  consecutive  data  sets. 

3  QUADRUPOLE  STABILIZATION  TO 
THE  SUB-NM  LEVEL 

The  stabilization  of  the  CLIC  prototype  quadmpoles  is 
performed  with  state-of-the-art  stabilization  devices.  The 
magnets  are  fixed  on  top  of  an  honeycomb  support  structure 
(table)  that  sits  on  a  stabilizing  system.  The  quadrupole 
doublets  can  either  be  directly  screwed  onto  the  table  top  or 
be  installed  on  the  table  via  an  alignment  support  structure, 
which  is  a  non  vibration-optimized  support  used  in  CLIC 
Test  Facility  II  (CTF2)  for  the  micrometric  alignment  of 
the  quadmpoles  (see  Fig.l).  This  setup  has  also  been  used 
for  detailed  studies  of  water  induced  vibrations  [4],  support 
stmcture  resonances  [2]  and  effects  of  acoustical  waves.  A 
soft  pneumatic  system  and  a  piezo-based  stiff  system  have 
been  used  for  the  stabilization  of  the  doublet.  Here,  only 
the  results  achieved  with  the  stiff  system  are  considered.  A 
more  complete  overview  of  both  systems  is  given  in  [2]. 

The  vertical  and  the  horizontal  RMS  motion,  as  mea¬ 
sured  on  the  floor  and  on  a  quadmpole  doublet,  are  shown 
in  Figs.  2  and  3.  These  results  were  obtained  with  the  ex¬ 
perimental  setup  of  Fig.  1,  left  part.  Above  4  Hz  the  dou¬ 
blet  was  stabilized  vertically  to  (0.52  ±  0.01) nm  with  a 
ground  motion  of  (6.20  ±  0.22)nm.  The  quadmpole  vibra¬ 
tion  is  within  the  CLIC  linac  tolerance  (1.3  nm)  and  is  only 
a  factor  2.5  larger  than  the  Final  Focus  tolerance  (0.2  nm). 
The  horizontal  motion  above  4 Hz  was  (0.84  ±  0.04)nm 
for  the  quadmpole  instead  of  (3.05  ±  0.07) nm  on  the  floor, 
both  within  the  CLIC  tolerances.  The  longitudinal  mo¬ 
tion  on  the  quadmpole  was  (4.33  ±  0.28)  nm  instead  of 
(4.30  ±  0.08)  nm  on  the  floor.  This  direction  is  not  critical 
for  luminosity  considerations.  It  is  important  to  point  out 
that  this  magnet  stability  was  achieved  in  a  normal  working 
environment  of  the  CERN  Meyrin  site.  The  impact  of  mea¬ 
sured  quadmpole  motion  on  the  CLIC  luminosity  is  dis¬ 
cussed  in  the  next  section. 


Figure  3:  Integrated  RMS  horizontal  motion  on  the  floor 
and  on  a  stabilized  CLIC  prototype  quadmpole  (see  Fig.  1, 
left  part).  Relevant  CLIC  tolerances  are  also  indicated. 


Figure  4:  Vertical  motion  above  4  Hz  versus  time  as  mea¬ 
sured  on  the  floor  and  on  a  doublet,  which  was  mounted  on 
a  CTF2-like  alignment  support.  The  error  bars  give  the  sta¬ 
tistical  uncertainty  (1  a)  and  are  omitted  in  the  quadmpole 
lines  because  they  are  too  small. 

The  quadmpole  stability  was  continuously  monitored  for 
several  days.  On  the  table  top,  two  doublets  and  one  triplet 
were  mounted  on  three  independent  alignment  stmctures 
(see  Fig.  1),  like  on  a  girder.  The  vertical  motion  above 
4  Hz  as  measured  on  the  floor  and  on  one  doublet  is  shown 
in  Fig.  4  versus  time.  The  cultural  noise,  which  increases 
the  ground  motion  up  to  12  nm  in  the  working  days,  is 
greatly  reduced  by  the  stabilization  device:  a  stability  be¬ 
low  the  1  nm  level  is  ensured  almost  independently  of  the 
cultural  noise.  Some  residual  perturbations  are  induced  by 
people  walking  by  the  experimental  setup  or  working  close 
to  it. 

4  CLIC  LUMINOSITY  PERFORMANCE 

The  simulations  of  the  time-dependent  luminosity  per¬ 
formance  of  CLIC  have  been  performed  for  the  beam  deliv¬ 
ery  system  (BDS)  of  [5],  which  provides  a  design  luminos¬ 
ity  of  0.8  X  10®®  cm“®s“^.  The  validity  of  the  tracking  re¬ 
sults  has  been  assessed  in  [6, 7].  The  available  codes  agree 
within  a  few  percent  for  simulations  without  synchrotron 
radiation,  like  the  ones  considered  in  the  following.  On 
the  basis  of  quoted  results.  Merlin  [8]  was  used  for  the 
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Time  [s] 

Figure  5:  Time-dependent  offset  and  luminosity  for  three 
seconds  of  CLIC  operation  with  vibrating  final  doublets. 

particle  tracking.  Full  beam-beam  (BB)  simulations  at  the 
interaction  point  (IP)  were  performed  with  GuineaPig  [9] 
and  provided  the  luminosity  and  the  BB  deflection  angle. 

Two-beam  simulations  are  carried  out  with  the  measured 
vibrational  spectra  of  the  CLIC  prototype  quadrupoles.  The 
spectra  are  used  to  generate  time-dependent  misalignments 
of  the  quadmpoles  at  either  side  of  the  IP.  Only  the  final 
doublets  are  moved  because  they  induce  the  main  impaet 
on  the  luminosity  (an  additional  10  %  luminosity  reduction 
is  found  if  all  other  quadmpoles  of  the  BDS  are  moved 
according  to  the  same  vibrational  spectmm).  A  pulse-to- 
pulse  feedback  system  for  correcting  the  IP  beam  offset  has 
been  implemented  in  Merlin.  The  relative  BB  offset  at  the 
IP  (to  be  minimized  by  the  feedback)  is  calculated  from  the 
BB  deflection  angle  provided  by  the  GuineaPig  simula¬ 
tions.  Beam  scans  in  the  horizontal  and  vertical  plane  are 
used  to  calibrate  the  deflection  angle  versus  beam  offset. 
This  curve  is  fitted  and  inverted  to  provide  the  offset  from 
the  beam  angle,  as  was  done  for  instance  for  SLC  [10]. 

A  result  of  a  time-dependent  simulation  with  vibrating 
quadmpoles  is  shown  in  Fig.  5.  The  BB  offset  (top)  and  the 
luminosity  (bottom)  versus  time  are  given.  This  simulation 
uses  the  measurements  of  Fig.  2  to  generate  the  quadmpole 
offsets  (aligned  machines  at  time  zero).  The  motion  of  the 
two  final  doublets  is  taken  to  be  uncorrelated.  Without  an 
IP  feedback  the  BB  offset  would  increase  by  several  tens 
of  nanometer  and  the  luminosity  would  be  completely  lost 
within  a  few  bunches.  The  feedback  correction  compen¬ 
sates  the  low  frequency  component  of  the  motion  and  al¬ 
lows  recovering  a  large  fraction  of  the  nominal  luminosity. 

A  scan  of  the  feedback  gain  has  been  done  to  find  the  set 
point  that  gives  the  best  luminosity.  Fig.  6  shows  the  aver¬ 
age  luminosity  over  three  seconds  of  CLIC  operation,  i.e. 
300  consecutive  pulses.  The  quadmpole  stability  achieved 
with  only  the  table  as  support  allows  recovering  66  %  of 
the  CLIC  design  luminosity,  to  be  compared  with  the  15  % 
obtained  if  the  quadmpoled  move  like  the  ground.  If  the 
motion  of  a  stabilized  doublet  with  its  non  vibrational- 
optimized  alignment  support  is  considered,  then  53  %  of 
the  design  luminosity  is  obtained.  The  horizontal  motion 
has  shown  not  to  be  critical  for  CLIC.  Both  with  the  hor¬ 
izontal  vibrations  measured  on  the  floor  and  on  the  CLIC 
prototype  quadmpoles  (with  or  without  alignment  support) 


Figure  6:  Average  luminosity  versus  feedback  gain  when 
the  doublets  are  moved  according  to  the  spectra  of  floor, 
quadmpole  and  quadmpole  on  an  alignment  support. 

more  than  95  %  of  the  design  luminosity  can  be  recovered 
with  the  IP  feedback  (for  zero  vertical  motion). 

5  CONCLUSIONS 

For  the  first  time  a  CLIC  prototype  quadmpole  was  sta¬ 
bilized  vertically  to  the  0.5  nm  level.  This  was  achieved  in 
a  normal  working  area  at  CERN.  This  sub-nanometer  sta¬ 
bility  allows  ensuring  that  almost  70  %  of  the  CLIC  design 
luminosity  can  be  achieved.  The  horizontal  and  longitudi¬ 
nal  vibrations  of  the  stabilized  quadmpole  have  proven  not 
to  be  a  critical  issue  for  CLIC.  Even  though  some  further 
improvements  are  still  required,  these  results  demonstrate 
the  basic  feasibility  of  colliding  nanobeams  for  CLIC. 

The  authors  would  like  to  acknowledge  the  help  from  the 
colleagues  at  DESY,  SLAC  and  ESRF,  all  the  members  of 
the  CERN  CLIC  team  (in  particular  W.  Schnell),  F.  Rug¬ 
giero,  M.  Mayoud. 
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Abstract 

The  designs  for  a  next-generation  linear  collider  based 
on  normal-conducting  rf  structures  require  operation  at 
gradients  much  higher  than  those  in  existing  linacs.  For 
the  NLC/JLC  11.4-GHz  struetures,  the  design  unloaded 
gradient  is  65  MV/m,  whieh  is  about  four  times  that  of  the 
2.9-GHz  SLAC  Linae.  The  CLIC  proposal  using  30-GHz 
structures  requires  an  even  higher  gradient,  170  MV/m. 
Both  the  CLIC  and  NLC/JLC  groups  are  aggressively 
pursuing  programs  to  develop  structures  that  operate 
reliably  at  these  gradients  and  also  have  acceptable 
efficiencies  and  transverse  wakefields.  Much  progress  has 
been  made  in  the  past  few  years,  and  this  paper  reviews 
the  programs,  test  facilities  and  results  from  this  research. 

INTRODUCTION 

During  the  past  six  years,  the  major  R&D  on  normal¬ 
conducting  accelerator  stmctures  has  been  in  support  of 
two  linear  collider  initiatives  [1].  The  SLAC,  FNAL  and 
KEK  based  NLC/JLC  design  proposes  11.4-GHz  rf 
technology  as  a  ‘modest’  extrapolation  of  that  of  the 
2.9  GHz  SLAC  Linac.  The  CERN-based  CLIC  design 
aims  at  multi-TeV  operation,  proposing  a  higher  rf  fre¬ 
quency,  30  GHz,  at  the  limit  to  which  conventional  copper 
fabrication  techniques  can  still  be  used.  The  desire  for  a 
higher  operating  frequency  results  from  the  associated 
cost  benefits  of  having  lower  rf  energy  per  pulse  (hence 
fewer  rf  sources)  and  a  higher  operating  gradient  with 
reasonable  stmcture  efficiency  (hence  a  shorter  linac). 

Higher  frequencies  have  several  drawbacks  including 
the  large  transverse  wakefields  generated  in  the  stmctures 
by  the  beam.  The  stmcture  designs  are  strongly  influenced 
by  the  need  to  limit  emittance  growth  caused  by  short- 
range  wakefields.  In  particular,  it  tightly  constrains  the 
allowed  minimum  average  stmcture  iris  radius  (a),  which 
would  otherwise  be  reduced  to  improve  efficiency.  The 
average  radii  currently  being  considered  by  both  groups 
are  about  17%  of  the  rf  wavelength  (X).  This  constraint 
has  had  implications  for  the  stmcture  high-gradient 
performance,  as  will  become  evident  below. 

The  long-range  transverse  wakefields  also  need  to  be 
suppressed,  and  both  designs  use  a  combination  of  dipole¬ 
mode  detuning  and  damping  for  this  purpose.  For  the 
NLC/JLC  stmctures,  moderate  damping  is  achieved  by 
coupling  the  cells  to  four  circular  waveguides  (manifolds) 
that  mn  parallel  to  the  stmcture.  The  CLIC  design 
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achieves  stronger  damping  with  four  terminated,  trans¬ 
verse  waveguides  attached  to  each  cell.  In  each  approach, 
there  is  enhanced  pulsed  heating  near  the  openings  in  the 
cells  that  is  a  concern  for  high  gradient  operation. 

The  greatest  challenge  related  to  the  choice  of  high  rf 
frequency  has  been  in  achieving  the  design  gradients. 
Both  groups  propose  constant-gradient,  traveling-wave 
stmctures  where  the  upstream  ends  of  the  stmctures 
operate  near  the  unloaded  gradient.  The  design  unloaded 
gradient  for  NLC/JLC  is  65  MV/m  (52  MV/m  loaded), 
and  for  CLIC,  it  is  170  MV/m  (150  MV/m  loaded).  The  rf 
pulse  length  is  tied  to  the  frequency  choice  through  the 
Q’s  of  the  stmcture  cells.  For  efficiency,  the  pulse  length 
is  several  times  the  stmcture  fill  time,  and  the  fill  time  is 
roughly  equal  to  the  attenuation  time,  Q/oi-co’^'^.  For 
NLC/JLC  (CLIC)  the  rf  pulse  length  is  400  ns  (130  ns) 
and  the  stmcture  fill  time  is  1 10  ns  (30  ns). 

Both  groups  had  similar  initial  experiences  in  develop¬ 
ing  stmctures  to  meet  these  goals.  In  the  mid-to-late 
1990s,  each  group  built  and  commissioned  a  test  facility 
aimed  at  demonstrating  rf  system  performance  (for  CLIC, 
the  CLIC  Test  Facility  II,  or  CTF  II,  at  CERN,  and  for 
NLC,  the  NLC  Test  Accelerator,  or  NLCTA,  at  SLAC). 
During  this  time,  high-gradient  operation  was  not  a  major 
concern  since  earlier  results  showed  >100  MV/m  gradi¬ 
ents  were  achievable  at  X-band,  and  that  higher  gradients 
seemed  possible  at  higher  frequencies  [2].  However,  when 
the  test  facilities  came  into  full  operation  in  1999-2000,  it 
became  clear  that  the  stmctures  tested  at  that  time,  which 
required  higher  input  powers  and  longer  pulse  lengths 
than  in  the  earlier  tests,  would  not  meet  performance 
requirements  due  to  breakdown-related  damage. 

In  the  following  sections,  the  NLC/JLC  and  CLIC  high- 
gradient  programs,  facilities  and  test  results  are  reviewed 
with  the  emphasis  on  the  past  year’s  findings  [3]. 

NLCTA  STRUCTURE  TESTING 

The  first  stmctures  installed  in  the  NLCTA  linar  were 
NLC  protot5q)es  built  in  part  to  test  wakefield  detuning 
and  damping.  They  are  1.8-m  long  (206  cells),  traveling 
wave  (271/3  phase  advance  per  cell),  nearly  constant 
gradient  (the  group  velocity  varies  from  12%  to  3%  c), 
and  have  an  a/X  =  18%  aperture.  At  the  completion  of 
NLCTA  commissioning  in  1997,  four  such  stmctures  had 
operated  concurrently  at  unloaded  gradients  of  40-45 
MV/m,  close  to  the  50  MV/m  requirement  for  the  0.5  TeV 
NLC  design  at  that  time.  During  1997-99,  the  two  linac 
power  sources  were  upgraded  to  allow  70  MV/m  opera¬ 
tion,  which  had  become  the  0.5  TeV  and  1  TeV  NLC/JLC 
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design  unloaded  gradient.  It  was  during  this  period  that 
performance  limitations  due  to  breakdown  were  fully 
realized,  which  initiated  the  high-gradient  stmcture  design 
program  that  is  ongoing  today.  Since  2001,  power  from 
the  two  linac  rf  stations  has  been  used  to  test  21  stractures 
(up  to  four  at  a  time),  with  over  10,000  hours  of  operation 
logged  at  60  Hz  [4]. 

The  important  stmcture  performance  metrics  are  (1)  the 
time  it  takes  to  process  to  an  unloaded  gradient  about  10% 
higher  than  nominal,  (2)  the  breakdown  rate  at  the 
nominal  unloaded  gradient  and  (3)  the  damage  incurred 
during  normal  operation.  With  the  large  number  of 
NLC/JLC  stmctures,  the  processing  time  per  stmcture 
should  be  less  than  a  few  hundred  hours  so  they  can  be 
realistically  conditioned  during  the  five-year  production 
period  envisioned  for  a  linear  collider.  Stmcture  damage 
is  characterized  by  the  change  in  net  phase  advance 
through  the  stmcture  and  a  few-degree  shift  per  year 
would  likely  be  acceptable,  although  much  less  is 
expected  with  stable  operation. 

An  acceptable  trip  rate  has  been  defined  as  one  that 
would  rarely  (once  a  year)  deplete  the  planned  2%  reserve 
of  NLC/JLC  power  sources  assuming  a  10-second  recov¬ 
ery  period  after  a  trip  (such  periods  have  been  shown 
feasible).  For  the  60-Hz  operation  at  NLCTA,  this 
requirement  translates  to  <  0.1  trip  per  hour  for  a  60-cm 
stmcture.  To  be  conservative,  the  stmctures  are  qualified 
at  the  65  MV/m  unloaded  gradient  with  400-ns  square  rf 
pulses.  The  corresponding  NLC/JLC  trip  rate  would  likely 
be  lower  since  the  pulse  length  is  effectively  shorter  (due 
to  the  100-ns  ramp  for  beam  loading  compensation)  and 
the  gradient  lower  (20%  on  average  due  to  beam  loading). 

NLC/JLC  TEST  RESULTS 

The  past  year  saw  the  transition  from  testing 
experimental  stmctures  (so  called  T-Series  stmctures)  to 
testing  those  designed  for  use  in  the  NLC/JLC  (so  called 
H-Series  stmctures).  The  former  had  been  built  to  exam¬ 
ine  how  performance  depends  on  stmcture  length  and 
group  velocity.  This  study  was  motivated  by  the  pattern  of 
damage  observed  in  the  1.8-m  stmctures:  the  high  group 
velocity  (>  5%  c)  portions  incurred  extensive  pitting  and 
phase  change  with  operation  above  about  50  MV/m,  while 
the  low  group  velocity  portions  remained  relatively 
unscathed. 

Seven  T-Series  stmctures  were  built  with  different 
lengths  (20,  53  and  105  cm)  and  initial  group  velocities 
(5%  c  and  3%  c).  By  mid-2002,  six  stmctures  had  been 
tested  and  showed  that  breakdown-related  damage 
decreased  significantly  at  lower  group  velocity  and  that 
stmcture  length  had  little  effect  on  performance. 
However,  the  breakdown  rates  in  the  input  and  output 
coupler  cells  were  noticeably  high.  At  70  MV/m  in  the 
3%  c  stmctures,  the  coupler  rates  were  generally  >  0.3  per 
hour  while  for  the  other  59  cells  combined,  they  ranged 
from  <0.1  per  hour  to  0.3  per  hour. 


An  autopsy  of  the  input  couplers  revealed  melting  on 
the  edges  of  the  waveguide  openings  to  the  cell  and  exten¬ 
sive  pitting  near  these  edges  and  on  the  coupler  iris.  It  was 
subsequently  realized  that  the  waveguide  edges  see  large 
rf  currents  and  the  associated  pulse  heating  can  be 
significant  if  the  edges  are  sharp.  By  design,  the  edges  in 
the  T-Series  stmctures  were  much  sharper  (76-^m  radius) 
than  those  in  the  1.8-m  stmctures  (500-/tm  radius)  where 
this  problem  was  not  seen.  Simulations  showed  that  the 
pulse  heating  for  the  T-Series  stmctures  was  in  the  130- 
270  °C  range,  well  below  the  copper  melting  temperature, 
but  high  enough  to  produce  stress-induced  cracking, 
which  can  enhance  the  heating. 

To  see  whether  reducing  the  pulse  heating  would  help, 
a  stmcture  was  built  using  an  input  coupler  design  with 
lower  peak  currents  (a  ‘mode-converter’  type  [5])  and  an 
output  coupler  with  larger  radius  (3  mm)  edges.  For  the 
regular  cells,  a  previously  tested  T-Series  design  (53  cm, 
3%  c)  was  used.  This  stmcture  performed  very  well,  with 
no  enhancement  of  the  coupler  breakdown  rates  relative  to 
the  other  cells.  For  the  full  stmcture,  the  breakdown  rate 
at  90  MV/m  with  400-ns  pulses  was  about  1  per  25  hours. 
All  stmctures  have  since  been  made  using  similar 
couplers. 

Although  the  T-Series  stmcture  results  were  encourag¬ 
ing,  their  average  cell  iris  radii  (a/A,  =  13%)  are  too  small 
in  that  the  resulting  wakefield  is  unacceptably  large.  Thus, 
the  next  step  was  to  develop  NLC/JLC-compatible  ver¬ 
sions.  The  first  task  was  to  increase  the  iris  size  while 
keeping  the  low  group  velocity  and  maintaining  a  reason¬ 
able  shunt  impedance.  This  required  both  thickening  the 
irises  (from  about  2  mm  to  4  mm)  and  increasing  the 
phase  advance  per  cell  (from  120”  to  150”).  The  stmctures 
were  also  detuned  and  their  lengths  were  optimized  for 
efficiency.  The  resulting  designs  (H-Series)  require  higher 
input  power  relative  to  comparable  T-Series  stmctures 
(about  50%  more  at  3%  c).  This  increase  is  more  than 
expected  from  just  the  larger  iris  diameter  because  the 
thicker  irises  also  reduced  the  shunt  impedance.  To  date, 
six  such  stmctures  have  been  tested  at  high  gradients. 

The  first  test  was  of  a  pair  of  stmctures,  one  60  cm, 
3%  c  (designated  H60VG3),  and  the  other  90  cm,  5%  c 
(designated  H90VG5).  These  stmctures  were  built  before 
the  coupler  problem  was  remedied  and  have  the  sharp- 
edged  design.  Also,  the  pulse  heating  is  higher  for  the  H- 
Series  stmctures  due  to  the  larger  stored  energy.  During 
processing,  coupler  breakdowns  did  indeed  limit  the 
gradients  to  values  below  those  achieved  with  the  T- 
Series  stmctures.  In  addition,  at  short  pulse  lengths  where 
the  coupler  events  did  not  dominate,  the  processing  rate 
was  much  slower  than  that  for  the  T-Series  stmctures.  The 
thicker  H-Series  irises  may  be  a  contributing  factor  since 
the  high-field  surface  area  is  about  twice  as  large.  None¬ 
theless,  the  H60VG3  stmcture  did  eventually  process  to 
72  MV/m,  and  excluding  the  input  coupler,  the  breakdown 
rate  was  <  1  in  10  hours  at  65  MV/m. 
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The  next  four  structures  processed  to  70  MV/m  much 
faster  than  the  first  two,  and  in  one  case,  faster  than  most 
of  the  T-Series  structures.  None  of  these  structures 
showed  an  enhanced  coupler  breakdown  rate.  However,  at 
gradients  >  70  MV/m  with  400-ns  pulses,  the  processing 
was  slowed  considerably  by  what  are  aptly  called 
‘spitfests.’  These  are  a  series  of  breakdowns  close  to  each 
other  in  location  and  in  time  (in  many  cases,  they  occur 
during  the  ramp-up  sequence  in  power  and  pulse  width 
that  follows  a  breakdown).  The  damage  caused  by  the 
initial  breakdown  in  these  sequences  is  likely  creating 
additional  breakdown  sites.  Such  events  were  observed  in 
the  1.8-m  stmctures  at  lower  gradients,  and  in  the  T- 
Series  stmctures  at  higher  gradients.  In  all  cases,  they 
become  noticeable  at  roughly  the  same  stmcture  input 
power  level  (60-80  MW). 

Two  of  the  four  stmctures  are  H60VG3  designs  built  by 
the  FNAL  stmctures  group,  which  are  the  first  ones  they 
produced  for  testing  [6].  Problems  with  the  brazing 
furnace  used  for  assembly  caused  a  slight  oxidation  to  the 
copper,  which  was  removed  from  the  second  stmcture 
using  a  hydrogen  bake.  At  NLCTA,  the  first  stmcture 
would  not  process  above  70  MV/m  due  to  the  large 
number  of  spitfests.  The  second  stmcture  performed  much 
better,  with  a  breakdown  rate  of  about  1  per  hour  at  65 
MV/m  during  a  relatively  short  mn.  Future  stmctures  will 
be  brazed  in  a  custom-designed  vacuum  furnace  at  FNAL. 

Another  of  the  four  stmctures  is  a  90-cm,  3%  c  design 
(H90VG3),  which  was  built  to  test  the  feasibility  of  longer 
stmctures.  It  requires  30%  more  power  for  the  same 
average  gradient  as  H60VG3.  When  processed,  it  reached 
75  MV/m  with  400-ns  pulses  before  being  limited  by 
spitfests.  At  65  MV/m,  the  breakdown  rate  was  about 
1  per  hour,  but  the  spitfest  nature  of  the  events  was  still 
apparent.  About  70%  of  the  breakdowns  occurred  within 
5  minutes  of  the  previous  one,  although  there  were 
periods  of  up  to  25  hours  without  any  breakdown.  Fig.  1 
shows  the  dependence  of  the  trip  rate  on  gradient  and 
pulse  width  after  processing.  At  a  fixed  breakdown  rate, 
the  gradient  scales  as  the  -1/6  power  of  pulse  width.  By 
the  end  of  the  mn,  the  breakdown  rate  had  decreased  to 
about  1  in  10  hours  at  61  MV/m  (less  than  1  in  6  hours  is 
required  for  this  longer  stmcture). 

Roughly  half  of  the  breakdowns  at  65  MV/m  occurred 
in  a  few  cells  (three  near  the  front  and  one  in  the  middle). 
After  the  mn,  these  ‘hot’  cells  were  examined  using  a 
horoscope.  In  the  interior  cell,  a  100-pm  piece  of  material 
that  was  pitted  by  breakdown  was  seen  on  the  outer  wall 
(a  similar-looking  contaminant  in  an  earlier  stmcture 
turned  out  to  be  aluminum).  No  obvious  foreign  material 
was  seen  in  the  upstream  cells  and  a  more  thorough 
autopsy  is  underway. 

The  last  of  the  four  stmctures  is  a  H60VG3  design 
whose  middle  six  cells  have  manifold  slots  for  wakefield 
damping.  They  were  included  to  test  whether  pulse 
heating  near  the  slot  openings  leads  to  breakdowns  such 
as  those  in  the  sharp-edged  couplers.  To  reduce  this  pos- 


Fig.  1:  Breakdown  rate  versus  gradient  and  pulse  width 
for  the  H90VG3  stmcture. 


sibility,  the  slot  openings  were  rounded  to  minimize  the 
heating.  A  43  °C  temperature  rise  is  expected  at  65  MV/m 
with  400-ns  pulses,  which  is  believed  to  be  safe  based  on 
the  sharp-edged  coupler  operation  experience. 

This  stmcture  proeessed  fairly  quickly  («  50  hours)  and 
achieved  80  MV/m  with  400-ns  pulses  before  spitfests 
began  to  limit  further  gains.  During  this  period,  there  was 
no  obvious  breakdown  rate  difference  between  the  slotted 
and  non-slotted  cells.  At  lower  gradients,  a  few  hot  cells 
became  apparent,  including  a  slotted  one.  These  cells 
accounted  for  a  sizeable  fraction  of  breakdowns,  as  shown 
in  Fig.  2.  Since  only  one  of  the  six  slotted  cells  was  hot 
and  hot  cells  occur  elsewhere,  the  breakdown  enhance¬ 
ment  in  the  slotted  cell  is  probably  not  slot  related. 


Fig.  2:  H60VG3  breakdown  locations  (dots)  at  65  MV/m 
inferred  from  reflected  and  transmitted  RF.  The  eross 
hatches  along  the  lines  are  eell  locations  (crosses  are 
slotted  cells)  with  the  first  upstream  cell  at  the  lower  left. 
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During  a  32-day  run  at  65  MV/m,  the  average  trip  rate 
was  0.21  per  hour.  Large  day-to-day  fluctuations  occurred 
(up  to  0.7  per  hour)  from  ‘flare-ups’  in  the  hot  cells.  The 
spitfests  were  much  reduced  at  this  gradient,  with  25%  of 
breakdowns  occurring  within  5  minutes  of  the  previous 
one.  At  60  MV/m,  the  breakdown  rate  was  well  below 
1  in  10  hours.  This  stmcture  will  be  autopsied  as  well. 

NLC/JLC  SUMMARY  AND  OUTLOOK 

The  H-series  results  show  that  in  structures  with  essen¬ 
tial  NLC/JLC  features,  reasonable  processing  times  are 
possible  and  that  breakdown  rates  close  to  those  required 
can  be  achieved  (damage  rates  also  appear  acceptable). 
Nonetheless,  more  operating  overhead  is  desired,  and  a 
new  version  of  the  60-cm  stmcture  design  was  recently 
adopted  that  has  a  smaller  average  iris  radius  (a/2.  =  17%) 
than  the  present  stractures  (a/2.  =  18%).  Decreasing  the 
radius  increases  efficiency  and  will  likely  improve  high- 
gradient  performance  due  to  the  lower  (7%)  input  power 
required.  The  transverse  wakefield  is  about  20%  larger, 
which  is  not  expected  to  impact  significantly  the  control 
of  emittance  growth  in  the  NLC/JLC  linacs. 

The  main  goal  within  the  next  year  is  to  operate  eight 
such  stractures  at  65  MV/m  in  the  NLCTA.  Tests  of  ex¬ 
perimental  stractures  will  also  continue,  including  ones 
aimed  at  achieving  significantly  higher  gradients.  One  test 
will  be  of  CERN-built,  X-band  stractures  with  molybde¬ 
num  and  tungsten  irises  (part  of  the  CLIC  program 
described  below).  Another  test  will  be  of  standing-wave 
stractures  with  rounded-edged  couplers.  Earlier  versions 
were  limited  to  about  60  MV/m  gradients,  which  may 
have  been  the  result  of  their  sharp-edged  couplers  [7]. 

At  a  more  fundamental  level,  many  questions  remain 
such  as  the  origin  of  breakdown  and  the  large  (XIO) 
variation  in  processing  rates.  Surface  analyses  such  as 
SEM,  EDS,  and  AES  have  not  found  contaminants  linked 
to  breakdown  sites,  and  residual  gas  analyses  have  not 
revealed  any  unexpected  impurities.  Also,  the  link 
between  field  emission  and  breakdown  is  unclear  since 
the  size  of  emitters  would  have  to  be  very  small 
(«  micron)  to  explain  the  low  dark  currents  (=  1  mA)  that 
have  been  measured.  Finally,  the  relationships  among 
pulse  heating,  surface  melting  and  breakdown  are  poorly 
understood.  Not  all  couplers  with  high  pulsed  heating 
broke  down  so  other  conditions  may  be  required,  such  as 
some  minimum  surface  electric  field.  These  and  other 
questions  will  continue  to  be  explored  in  future  structure, 
waveguide  and  single-cell  tests. 

CLIC  STRUCTURE  DEVELOPMENT 

The  CLIC  Test  Facility  II  (CTF  II)  basically  consists  of 
two  parallel  beam  lines  (drive  and  probe)  separated  by 
about  a  meter  [8].  It  was  designed  when  the  CLIC  linac 
required  shorter  rf  pulses  (12-18  ns)  and  lower  gradients 
(80  MV/m).  The  drive-beam  injector  produces  16-ns  long 


trains  of  48  bunches  with  several  nC  per  bunch,  and  the 
probe-beam  injector  generates  single,  0.6-nC  bunches. 
Both  beams  are  first  accelerated  to  about  45  MeV  in 
individual  S-band  linacs.  The  drive  beam  is  then  de- 
accelerated  in  transfer  stractures  to  generate  15  ns,  30- 
GHz  rf  pulses.  This  power  is  fed  locally  to  30-GHz 
structures  in  the  probe  linac  to  accelerate  the  probe  bunch. 

When  CTF  II  commissioning  concluded  in  1999,  the 
probe  linac  contmned  five  CLIC  Accelerator  Stractures 
(CAS),  each  constant  impedance,  28-cm  long  (86  cells) 
with  a  271/3  phase  advance,  8.6  %  c  group  velocity,  and  an 
a/2,  =  0.2  iris  aperture.  A  constant-impedance  design  was 
used  to  simplify  cell  fabrication,  but  has  the  disadvantage 
that  only  the  upstream  cells  ‘see’  the  highest  gradient  (the 
gradient  decreases  by  20%  along  the  structure).  Moreover, 
the  single-feed  power  coupler  used  in  the  CAS  design 
enhances  the  surface  fields  on  the  coupler  irises  across 
from  the  waveguide  opening  by  about  40%. 

The  basic  results  from  the  CAS  testing  were  that 
processing  plateaued  after  a  250-MV/m  peak  surface  field 
was  attained  on  the  input  coupler  irises,  and  that  rf 
breakdown  severely  eroded  (»  lOO-pm  deep)  the  high 
field  surfaces,  independent  of  how  the  irises  were 
prepared.  The  corresponding  first  cell  gradient  was  about 
60  MV/m  with  the  15  pulses,  far  from  the  170  MV/m 
required  with  130-ns  pulses. 

These  results  led  to  the  consideration  of  iris  materials 
with  melting  temperatures  higher  than  copper  (1100  °C). 
For  the  structure  to  be  practical,  a  reasonable  conductivity 
(>  1/3  of  copper)  was  required.  Tungsten  (W)  was  the  first 
material  tested  due  to  its  very  high  (3400  °C)  melting 
temperature  (its  use  in  high-voltage  switching  applications 
also  made  it  a  plausible  choice).  In  the  initial  tests,  only 
the  CAS  input  coupler  iris  material  was  changed  (a 
clamped-on  coupler  was  used  for  this  purpose).  The  tung¬ 
sten  irises  sustained  higher  surface  fields  (320  MV/m), 
limited  by  breakdowns  elsewhere  (mainly  on  the  copper 
output  coupler  irises  after  a  250  MV/m  surface  field  was 
reached).  This  success  prompted  a  new  structure  design  to 
exploit  the  higher  possible  surface  fields. 

For  the  couplers,  a  mode-converter  design  was  used 
that  has  a  15%  lower  peak  surface  field  than  in  the 
neighboring  cells  [9].  For  the  regular  cells,  the  surface  to 
on-axis  field  ratio  was  reduced  from  2.8  to  2.2  by  making 
the  irises  thicker  and  their  radii  smaller  (a/2  =  0.175).  The 
smaller  radius  is  acceptable  for  CLIC,  but  it  cannot  be 
reduced  much  further  because  of  wakefield  problems.  The 
success  of  the  clamped-on  couplers  led  to  the  adoption  of 
a  fully  ‘clampable’  design  where  four  bolts  ran  through 
the  structure  to  hold  it  together.  The  cells  are  made  of 
copper  and  include  a  10-mm  OD  slot  to  accommodate 
snugly  fitting,  interchangeable  irises.  With  the  smaller 
structure  group  velocity  (4.6%  c),  the  structure  was 
shortened  to  30  regular  cells  (10  cm)  to  keep  the  gradient 
attenuation  at  about  20%  with  all-copper  cells. 
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Three  such  structures  have  been  tested  to  date,  one  with 
ground  tungsten  irises,  one  with  ground  molybdenum 
(Mo)  irises,  and  for  comparison,  one  with  standard, 
brazed  copper  cells  [10],  When  processed,  the  all-copper 
stmcture  performed  as  expected,  with  little  gain  after  a 
250  MV/m  surface  field  was  reached  on  the  first  cell  iris 
(later  visual  examination  showed  some  erosion  at  the 
highest  field  regions  of  this  cell).  With  the  lower  surface 
to  on-axis  field  ratio,  the  first  cell  gradient  was  1 10  MV/m 
at  this  limit,  almost  twice  the  CAS  result. 

The  gradients  achieved  in  the  other  structures  were 
limited  by  the  allowed  processing  time.  After  about  three 
million  pulses,  the  gradient  reached  in  the  first  cell  of  the 
W  stmcture  was  150  MV/m  (340  MV/m  surface),  and  in 
the  Mo  stmcture,  it  was  193  MV/m  (426  MV/m  surface). 
As  a  candidate  iris  material,  molybdenum  was  chosen 
because  it  is  relatively  easy  to  machine  and  has  good  HV 
hold-off  properties  at  DC.  Its  melting  temperature 
(2600  °C)  is  midway  between  copper  and  tungsten,  so  its 
faster  processing  is  somewhat  surprising.  However,  this 
may  be  a  consequence  of  the  Mo  iris  heat  treatment 
(900  °C  vacuum  firing),  which  was  done  to  prevent  the 
high  out-gassing  experienced  with  the  non-heat-treated  W 
irises.  When  disassembled,  the  high-field  regions  on  both 
the  W  and  Mo  first  cell  irises  showed  surface-layer 
melting  but  no  obvious  erosion;  a  more  thorough 
examination  is  underway. 

While  the  Mo  stmcture  results  showed  that  CLIC-like 
gradients  are  possible,  many  challenges  remain  to  achieve 
a  ‘CLIC-ready’  stmcture.  First,  an  acceptable  breakdown 
rate  at  170  MV/m  needs  to  be  shown  at  the  130-ns  design 
pulse  width  in  longer  (=  80  cell),  constant-gradient 
stmctures.  Also,  if  Mo  or  W  irises  are  ultimately  used, 
their  surface  area  must  be  made  smaller  or  else  the  Q  loss 
would  be  prohibitive.  If  only  the  high  field  regions 
(>  50%  of  maximum)  of  the  irises  are  made  with  these 
materials,  a  modest  Q  loss  could  be  achieved  (5%), 
although  the  fabrication  of  such  tipped  irises  may  be 
difficult.  Finally,  four  radial  waveguides  need  to  be  added 
to  the  outer  region  of  each  cell  for  wakefield  damping. 
Pulse  heating  near  the  waveguide  openings  to  the  cells  is 
of  particular  concern,  given  the  high  rf  frequency  and 
required  field  levels.  In  the  latest  design  aimed  at 
minimizing  the  heating,  a  120  °C  pulse  temperature  rise 
would  occur  under  CLIC  operating  conditions,  while  a 
temperature  rise  below  60  °C  is  desired. 

As  for  future  testing,  CTF  II  was  decommissioned  in 
October,  2002,  and  its  components  are  being  used  for 
CTF  3.  This  facility  will  produce  longer  (130  ns),  higher 
current  (35  A),  higher  frequency  (30  GHz)  drive  beams 
using  the  type  of  combiner  rings  envisioned  for  CLIC. 
High-power  testing  should  resume  in  spring  2004  using 
the  5-A,  3-GHz  injection  beam  for  CTF  3.  In  the  mean¬ 
time,  versions  of  the  clamped  stmcture  scaled  to  X-band 
will  be  tested  at  NLCTA  with  Mo  and  W  irises. 


SUMMARY 

The  results  from  three  generations  of  NLC/JLC 
stmcture  tests  show  the  need  to  operate  at  power  levels 
(60-80  MW  at  400  ns)  below  the  regime  where  damage 
occurs.  At  this  limit,  the  peak  iris  surface  fields  vary 
significantly:  about  110  MV/m  in  the  1.8-m  stmctures, 
140  MV/m  in  the  H-Series  stmctures  and  up  to  195  MV/m 
in  the  T-Series  stmctures.  In  contrast,  operation  of  the 
copper  CLIC  stmctures  with  15-ns  pulses  appears  to  be 
surface-field  limited  (at  about  250  MV/m).  At  this  limit, 
the  input  power  differs  significantly  for  the  two  stmcture 
designs  tested  (23  MW  and  35  MW).  This  insensitivity  to 
power  compared  to  the  NLC/JLC  stmctures  may  be  due  to 
the  higher  surface  fields,  shorter  pulses  and  the  much 
higher  breakdown  rates  at  which  they  were  operated. 

In  regard  to  demonstrating  a  feasible  design,  the 
NLC/JLC  group  has  operated  stmctures  with  essential 
linear-collider  features  that  basically  meet  the  65  MV/m 
performance  requirements  (at  60  MV/m,  breakdown  rates 
well  within  spec  have  been  achieved).  A  lower-power 
stmcture  design  has  been  recently  adopted  that  should 
prove  more  robust.  The  CLIC  group  has  attained  over 
300  MV/m  surface  fields  on  W  and  Mo  irises  with  15-ns 
pulses.  Although  CLIC-level  gradients  were  achieved  in  a 
Mo  iris  stmcture,  significant  challenges  remain  to  demon¬ 
strate  acceptable  performance  with  130-ns  pulses  in 
longer,  damped,  efficient  stmctures. 
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SUPERCONDUCTING  RF  STRUCTURES  -  TEST  FACILITIES  AND 

RESULTS 

H.  Weise,  Deutsches  Elektronen-Synchrotron,  Hamburg,  Germany 
for  the  TESLA  Collaboration 


Abstract 

The  design  of  the  TESLA  superconducting  electron- 
positron  linear  collider  with  an  integrated  X-ray  laser 
laboratory  was  presented  to  several  international 
committees  including  the  German  Science  Council, 
advising  the  German  government  in  matters  of  science.  In 
preparation  of  this  large  facility,  the  TESLA  Test  Facility 
was  set  up  at  DESY.  More  than  40  institutes  from  nine 
countries  have  designed,  constmcted,  commissioned  and 
operated  accelerator  components.  In  close  collaboration, 
superconducting  accelerator  cavities  with  gradients 
between  25  and  more  than  40  MV/m  were  developed.  The 
TESLA  Test  Facility  includes  the  preparation  and  testing 
of  superconducting  cavities  as  well  as  a  260  m  long  linac 
installation.  The  cavity  performance  with  beam  has  been 
investigated  while  operating  the  linac  as  a  driver  for  a 
SASE  free-electron  laser  as  well  as  during  dedicated  high 
gradient  tests.  More  than  16  thousand  hours  of  operation 
demonstrated  this  technology.  Results  of  single  cavity 
tests  as  well  as  of  module  tests  without  and  with  beam  are 
presented. 

INTRODUCTION 

Superconducting  cavity  R&D  of  the  TESLA 
collaboration  has  demonstrated  the  reliable  production  of 
9-cell  structures  achieving  gradients  of  25  MV/m  and 
higher  at  quality  factors  Qo>10'‘’.  Since  a  number  of  years 
there  is  broad  consensus  that  the  TESLA  9-cell  cavity  is  a 
good  choice  for  linear  colliders  as  well  as  for  FEL  linear 
accelerators.  The  agreement  is  based  on  the  results 
achieved  at  the  TESLA  Test  Facility  (TTF).  Gradients  of 
35  MV/m  and  above  were  reached  by  applying  a  new 
preparation  technique,  i.e.  electrolytic  polishing.  The 
gradient  of  prototype  single-cell  cavities  exceeded  40 
MV/m.  At  present  a  module  equipped  with  electro- 
polished  9-cell  TESLA  cavities  is  under  construction. 

TTF  Linac  at  DESY  was  constmcted  to  show  that  high 
gradients  achieved  in  individual  9-cell  TESLA  cavities 
could  be  maintained  after  assembly  in  an  operating  linac. 

SUPERCONDUCTING  RF  STRUCTURES 
IN  VERTICAL  AND  HORIZONTAL  TESTS 

Cavity  tests  in  vertical  as  well  as  in  horizontal  cryostats 
were  done  to  investigate  accelerating  gradient,  quality 
factor,  quench  behaviour,  Lorentz-force  detuning,  and  last 
but  not  least  to  demonstrate  the  success  of  the  cavity 
surface  preparation  and  assembly  procedure.  The  needed 
infrastmcture  for  the  test  of  RF  stmctures  was  set  up  by 
the  TESLA  collaboration  and  is  located  at  DESY. 


Standard  TESLA  Nine-cell  RF  Structures 

The  TESLA  9-cell  cavity  is  a  standing  wave  stmcture 
of  about  1  m  length  whose  fundamental  ji-mode  has  a 
frequency  of  1.3  GHz.  The  cavity  is  made  from  solid 
niobium  and  is  bath-cooled  by  superfluid  helium  at  2  K. 
Each  cavity  is  equipped  with  its  own  helium  vessel;  a 
tuning  system  driven  by  a  stepping  motor;  a  coaxial  RF 
power  coupler;  a  pickup  probe;  and  two  higher-order 
mode  (HOM)  couplers.  A  detailed  parameter  list 
including  the  niobium  specification  is  given  in  [1]. 

Cavity  fabrication  is  a  delicate  but  nowadays 
established  procedure.  The  TTF  cavity  production  was 
done  at  several  companies.  According  to  industrial 
studies,  the  developed  procedures  are  suitable  for  large- 
scale  series  production.  Nevertheless,  a  careful  design 
review  was  started  in  preparation  of  the  TESLA  XFEL 
(see  below),  which  requires  almost  1000  cavities. 

The  standard  cavity  treatment  used  for  the  last  years 
includes  a  first  approx.  100  pm  removal  from  the  inner 
surface.  Buffered  Chemical  Polishing  (BCP),  i.e.  etching, 
is  the  used  method.  Next  is  a  first  rinsing  with  ultra-pure 
water  followed  by  drying  in  a  class  100  clean  room; 
annealing  at  800°C  in  an  Ultra  High  Vacuum  oven  to 
relieve  mechanical  stress  as  well  as  to  out-gas  dissolved 
hydrogen;  heat  treatment  at  1400°C  for  further  removal  of 
other  dissolved  gases  in  presence  of  a  thin  titanium  layer 
being  evaporated  on  the  inner  and  outer  surface.  This  so- 
called  post-purification  increases  the  thermal  conduction 
and  the  residual  resistivity  ratio  (RRR)  by  about  a  factor 
of  two.  The  titanium  layer  is  finally  removed  again  using 
BCP.  Before  the  acceptance  test  in  vertical  dewars  the 
cavities  are  mechanically  tuned  to  adjust  the  resonance 
frequency  to  1 .3  GHz  and  to  obtain  equal  field  amplitudes 
in  all  9  cells.  This  is  followed  by  a  light  BCP,  three  steps 
of  high-pressure  water  rinsing  (100  bar),  and  drying  in  a 
class  10  clean  room. 

Performance  of  RF  Structures 

The  excitation  curve  (unloaded  quality  factor  Qo  as  a 
function  of  the  on-axis  accelerating  field  Eacc )  of  a  high- 
performance  9-cell  TESLA  cavity  shows  an  almost 
constant  quality  factor  Qo  of  more  than  lO'®  up  to  25 
MV/m,  before  the  drop  of  Qo  at  higher  gradients  indicates 
that  even  such  excellent  multi-cell  cavities  are  still  far 
from  reaching  the  theoretical  limit  of  about  50  MV/m.  In 
order  to  study  this  in  detail,  about  75  cavities,  fabricated 
in  three  production  series  between  1993  and  2000,  were 
subjected  to  the  standard  treatment  mentioned  above. 
Table  1  lists  the  achieved  gradients  at  Qo  above  lO'®. 
Production  series  3  has  an  average  gradient  of  26.1 
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MV/m.  At  the  TESLA-500  design  gradient  of  23.4  MV/m 
the  measured  Qo  is  (1.39  ±  0.35)  x  10“*. 

Table  1:  Average  acceleration  gradients  measured  in  the 
vertical  test  cryostat  of  the  cavities  in  the  three  production 
series;  for  comparison  the  TESLA  specification  are  listed 
as  well. 


Production 

Series 

Gradient  (MV/m) 
(Oo>10’*) 

a 

(MV/m) 

1 

18.7 

7.0 

2 

23.1 

2.4 

3 

26.1 

2.3 

TESLA-500 

23.4 

TESLA-XFEL 

10.. .17.. .23.5 

TESLA-800 

35  at  5  X  10’ 

Figure  1  shows  the  excitation  curves  of  all  3"* 
production  cavities.  One  cavity  (AC67)  had  a  cold 
Helium  leak  which  could  not  be  located  so  far.  All 
remaining  3'^  production  cavities  (AC70  to  AC78)  were 
used  for  the  electro-polishing  program  (see  below). 
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Figure  1:  Excitation  curves  of  cavities  of  the  third 
production  series.  The  measurement  was  done  in  a 
vertical  test  cryostat  in  2  K  superfluid  helium.  Systematic 
rms  errors  in  the  determination  of  the  accelerating  field 
and  the  quality  factor  are  indicated  in  Fig.3. 


3rd  Production  -  BCP  Cavities 


^  It.  ,  II  A. 

.■  ,  V'  K-f  J,,,i 


;«AC55BtACS^i 
AC57  ACSSli 
jXAC5<»#AC6CK' 
kAC61  -ACSdl 
AC63  AC64| 
,  AC65  AC66  j 
iXAC67  ACea; 
AC69  AC79I 


+ 


Electro-polished  RF  Structures 

The  above  mentioned  BCP  removal  of  niobium  from  the 
inner  cavity  surface  produces  a  rough  niobium  surface 
with  strong  grain  boundary  etching.  The  achieved  typical 
surface  roughness  is  of  the  order  of  1  pm  rms.  As  an 
alternative  method  electro-polishing  (EP)  can  be  used  in 
which  a  different  acid  mixture  is  used  together  with  an 
additional  electric  current  flow.  Sharp  edges  and  burrs  are 
smoothed  out  and  a  very  glossy  surface  can  be  obtained 
[2].  Since  1998  a  joint  R&D  program  of  CERN,  DESY, 
KEK  and  Saclay  has  been  performed  with  this  polishing 
method  for  single  cell  TESLA  structures.  Together  with  a 
succeeding  100  to  150°C  baking  of  the  evacuated  cavity, 
accelerating  gradients  of  35  to  43  MV/m  have  been 
achieved  in  more  than  a  dozen  single-cell  resonators  [3]. 


This  includes  electron-beam  welded  as  well  as  hydro- 
formed  and  spun  cavities.  The  baking  seems  to  be  an 
essential  prerequisite  for  reaching  highest  gradients 
without  a  strong  degradation  in  quality  factor. 

The  transfer  of  the  electro-polishing  method  to  multi¬ 
cell  cavities  has  been  studied  at  KEK  for  some  years. 
Electro-polishing  has  been  used  by  Nomura  Plating  for 
KEK’s  cavities  for  many  years  (e.g.  Tristan,  KEK-B).  In  a 
collaboration  of  KEK  and  DESY  the  electro-polishing  of 
TESLA  nine-cell  cavities  is  being  studied  [4].  After  some 
first  tests  with  older  9-cell  resonators,  three  electro- 
polished  cavities  from  the  last  production  achieved  in  a 
cw  measurement  the  performance  needed  for  TESLA- 
800:  35  MV/m  at  a  Qo  larger  than  5x1  O’.  The  cavities 
were  tested  for  several  hours  at  cw.  A  fourth  cavity  of  this 
batch  achieved  34  MV/m.  Figure  2  shows  the  results.  To 
further  study  the  EP  technique  of  multi-cell  cavities,  an 
electro-polishing  facility  for  9-cell  resonators  has  been  set 
up  at  DESY.  First  tests  with  single  cell  cavities  already 
qualified  the  facility. 
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Figure  2:  Excitation  curve  of  a  high-performance  9-cell 
TESLA  cavity.  The  cavities  are  cooled  by  superfluid 
helium  at  2  K. 
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Figure  3:  Excitation  curves  of  the  electro-polished  high- 
performance  9-cell  TESLA  cavity  AC73.  Measurements 
in  vertical  as  well  as  horizontal  tests  (CHECHIA)  are 
shovra.  The  systematic  rms  errors  in  the  determination  of 
the  accelerating  field  and  the  quality  factor  are  indicated. 


Recently  cavity  AC73  has  been  measmed  in  the 
horizontal  test  cryostat  CHECHIA.  For  this  purpose  the 
helium  vessel  was  welded  onto  the  cavity  and  the  RF 
power  coupler  was  attached  as  well  as  the  frequency 
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tuner.  In  this  horizontal  test  one  eighth  of  the  standard 
TESLA  module’s  string  can  be  installed.  Figure  3 
summarizes  the  results  of  AC73.  The  CW  curves  were 
measured  in  the  vertical  test  dewar.  The  horizontal 
measurements  in  CHECHIA  confirm  the  previous  results 
within  the  indicated  error  bars. 

ACCELERATOR  MODULES  AND  TESTS 
WITH  BEAM 

In  the  frame  of  the  TESLA  R&D  work  a  number  of 
accelerator  modules  housing  eight  9-cell  cavities  each 
were  built  and  tested.  The  design  of  these  so-called 
cryomodules  has  been  primarily  driven  by  the  need  to 
reduce  static  losses  and  costs  compared  to  existing 
superconducting  cavity  systems.  At  present  the  3'** 
ciyomodule  generation  is  used  for  the  1  GeV  extension  of 
the  TTF  linac.  The  TESLA  Design  Report  includes  the 
description  of  a  17  m  long  module  which  is,  except  for 
the  length,  basically  identical. 

TTF  Accelerator  Modules 

The  TTF  cryomodules  use  a  300  mm  diameter  helium 
gas  return  pipe  (GRP)  as  the  main  support  structure  for 
the  string  of  eight  cavities,  the  quadmpoles  as  well  as 
steering  magnets,  and  the  beam  position  monitor.  The 
GRP  is  supported  from  above  by  three  posts.  Via  these 
posts  the  common  axis  of  the  cavities  and  quadmpoles 
can  be  aligned  with  respect  to  the  linac  coordinate  system 
since  the  cavities  and  quadmpoles  themselves  are  aligned 
relative  to  the  GRP.  Figure  4  shows  a  cross  section  of  the 
last  module  generation.  The  cavity  position,  the  RF  main 
input  coupler,  and  the  different  radiation  shields  are 
visible. 

Altogether  eight  cryomodules  were  assembled  so  far. 
The  used  55  cavities  belong  to  the  three  fabrication  series 
mentioned  above,  the  first  ones  dating  back  to  1993. 
Some  cavities  have  been  used  for  a  second  assembly. 
Table  2  gives  the  achieved  accelerating  gradients. 


Figure  4:  Cross  section  of  the  TTF  Linac  module  (3”* 
generation). 


Table  2:  Accelerating  gradients  in  MV/m  achieved  in  the 
TTF  Linac  accelerator  modules.  Modules  #3*,  #4  and  #5 
are  to  be  tested  in  late  spring  2003,  module  2*  in  fall 
2003.  The  increased  gradient  spread  for  the  recently 
assembled  module  2*  is  caused  by  the  fact  that  older 
cavities  are  re-used:  The  TTF2  injector  requires  only  15 
MV/m  for  the  first  four  cavities. 


Module 

no. 

RF  test 
(Qo>io'“) 

<T 

MV/m 

Beam 

operation 

Assem. 

Date 

#1 

17.5 

6.2 

14  MV/m 

10/97 

#2 

21.2 

6.3 

19  MV/m 

09/98 

#3 

23.6 

2.2 

22.7  MV/m 

04/99 

#1* 

25.3 

2.0 

20.3  MV/m 

02/00 

#4 

25.4 

2.7 

spring  2003 

10/01 

#5 

26.5 

1.4 

spring  2003 

01/02 

#3* 

23.6 

2.4 

spring  2003 

03/03 

m* 

22.6 

3.5 

fall  2003 

05/03 

The  column  ‘RF  test’  shows  the  average  gradient  per 
module  at  a  quality  factor  Qo  >  10'“,  while  ‘beam 
operation’  refers  to  the  gradient  determined  by  measuring 
the  energy  gain  of  accelerated  electron  bunches.  The 
module  number  actually  refers  to  the  cryostat  vessel,  a  ‘*’ 
hints  to  a  replacement  of  one  or  more  cavities  either 
following  the  ongoing  cavity  test  program  or  due  to  a 
required  repair.  The  inter-cavity  connection  was  modified 
using  a  new  flange  design.  Some  other  auxiliaries  like  the 
RF  main  input  coupler  are  now  used  in  a  revised  version. 

Modules  #2  and  #3  were  used  for  approximately  10,000 
hours  at  a  gradient  of  about  14  MV/m  providing  a  240 
MeV  beam  for  different  experiments  including  stable  FEL 
operation  [5].  The  achieved  relative  amplitude  stability  of 
2  X  10'“  and  absolute  phase  stability  of  0.5  deg  was  within 
the  requirements.  In  this  standard  TTF  Linac 
configuration  16  cavities  were  driven  by  one  klystron. 

Module  1*,  assembled  in  02/2000,  was  tested  with 
beam  in  fall  2002.  The  gradient,  obtained  in  vertical  and 
horizontal  tests,  promised  an  average  module  gradient 
close  to  25  MV/m.  The  actually  achieved  gradient  was 
20.3  MV/m,  a  result  being  dominated  by  cavities  2  and  6 
of  this  module.  Both  cavities  have  an  extremely  low  onset 
for  X-rays:  approx.  12  MV/m.  In  both  cases  the  maximum 
gradient  was  reduced  from  above  25  MV/m  down  to  18 
MV/m.  As  a  consequence  the  average  gradient  was 
determined  using  a  modified  power  distribution  scheme 
with  additional  3  dB  attenuators  in  front  of  the  RF  main 
input  couplers  of  cavities  2  and  6.  Under  these  conditions 
the  average  gradient  for  stable  beam  operation  was 
measured  to  be  20.3  MV/m.  A  detailed  cryogenic  load 
measurement  was  not  performed.  Figure  5  summarizes 
the  single  cavity  tests. 
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Figure  5:  Comparison  of  gradient  measurements  in  the 
vertical  and  horizontal  test,  and  the  TTF  linac  installation. 


Careful  analysis  of  the  module  1*  preparation  and  of 
assembly  protocols  especially  in  comparison  to  previous 
and  succeeding  modules  could  not  completely  explain  the 
gradient  reduction  of  both  cavities  2  and  6.  However, 
some  problems  during  the  string  assembly  were 
identified. 

In  parallel  to  the  module  1*  test,  the  repair  of  a  leak 
between  the  helium  system  and  the  insulating  vacuum  in 
module  3  was  started.  The  required  disassembly  of  the 
outer  RF  main  input  coupler  parts  taught  us  that  due  to 
unfortunate  handling  the  inner  conductor  might  touch  the 
niobium  surface  of  the  coupler  port.  The  latest  coupler 
generation  uses  an  electrically  isolated  inner  conductor 
(dc  bias  to  suppress  multipacting).  Therefore  the  electrical 
resistance  between  the  inner  and  outer  conductor  can  be 
measured.  For  module  1*  X-ray  photographies  were  taken 
since  an  older  type  of  RF  input  coupler  is  assembled. 
Indeed,  some  of  the  couplers  have  touched  and  may  still 
touch  the  niobium.  Better  assembly  procedures  are 
required  and  under  study. 

Input  and  HOM  Coupler 

For  TTF  several  coaxial  power  input  couplers  have 
been  developed,  consisting  of  a  cold  section  which  is 
mounted  on  the  cavity  in  the  clean  room  and  closed  by  a 
ceramic  window,  and  a  warm  section  which  contains  the 
transition  fi'om  the  coaxial  line  to  the  waveguide.  For 
TESLA  a  pulse  power  of  230  kW  has  to  be  transmitted  to 


provide  a  gradient  of  23.4  MV/m  for  a  950  ps  long  beam 
pulse  of  9.5  mA.  The  external  quality  factor  of  the  coupler 
can  be  adjusted  by  varying  the  penetration  depth  of  the 
inner  conductor.  All  couplers  needed  some  conditioning, 
but  then  performed  according  to  the  specification.  The 
conditioning  time  depends  on  the  design  of  the  coupler 
vacuum  system  which  was  clearly  improved  for  the  most 
recent  coupler  type.  The  maximum  transmitted  power  was 
1.5  MW  in  travelling  mode  operation 

The  intense  electron  bunches  can  excite  eigenmodes  of 
higher  frequency  in  the  resonator  which  must  be  damped 
to  avoid  multibunch  instabilities  and  beam  breakup.  This 
is  accomplished  by  extracting  the  stored  energy  via 
higher-order  mode  (HOM)  couplers  mounted  on  the  beam 
pipe  sections  of  the  nine-cell  resonators,  the  so-called  cut¬ 
off  tubes.  At  TTF  the  excitation  of  HOMs  was  studied  in 
detail  by  accelerating  the  electron  beam  off-axis  and 
modulating  either  the  electron  beam  ciurent  or  position. 
Main  focus  were  the  so-called  trapped  modes  whose 
energy  is  concentrated  in  the  central  cells  of  the  cavity.  As 
a  consequence  of  the  measurement  one  of  the  two  HOM 
couplers  per  cavity  had  to  be  rotated.  With  this  new 
geometry  the  HOM  quality  factors  will  not  exceed  10^. 

TTF  Linac  Layout 

Until  early  summer  2002  the  TTF  Linac  was  operated 
with  up  to  two  accelerator  modules  as  well  as  one  capture 
cavity.  Different  modules,  including  the  so-called 
superstructure  were  tested  with  electron  beam.  Two  of  the 
accelerator  modules  were  operated  for  approximately 
10,000  hours  at  a  gradient  of  about  14  MV/m  providing  a 
240  MeV  beam  for  different  experiments  including  stable 
FEL  operation. 

The  TTF  Linac  in  its  final  set-up  will  consist  of  the 
following  sections:  injector  area  including  the  RF  gun  and 
a  first  accelerator  module,  150  MeV  bunch  compressor 
section,  two  standard  accelerator  sections,  a  second  bunch 
compression  section  at  450  MeV,  another  two  standard 
accelerator  modules,  collimator,  undulator,  and  high 
energy  beam  analysis  area  in  parallel  to  a  photon 
diagnostic  and  transport  section.  A  sixth  accelerator 
module  using  electro-polished  cavities  can  be  installed 
between  the  end  of  the  TTF  linac  and  the  collimator.  A 
schematic  of  this  layout  is  given  in  figure  6. 


Figure  6:  The  extension  of  the  TTF  Linac  to  1  GeV  electron  beam  energy.  The  electron  beam  direction  in  this 
picture  IS  from  right  to  left. 
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TTF  Linac  Operation 

Between  its  first  commissioning  in  1997  and  the 
modifications  in  spring  2002,  the  TTF  Linac  was  operated 
for  approximately  13,000  hours,  since  1999  for  7  days  a 
week,  24  hours  per  day.  Approximately  50%  of  the  time 
was  allocated  to  FEL  operation  including  a  large 
percentage  of  user  time.  Figure  7  gives  the  beam  uptime 
and  the  operational  uptime  for  a  long  run  between 
summer  2001  and  spring  2002.  The  percentage  is  given 
with  respect  to  the  scheduled  operation  time  per  week. 
The  difference  between  beam  and  operational  uptime  is 
due  to  the  time  needed  for  tuning. 
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Figure  7:  Beam  uptime  and  operational  uptime  in  the 
2001/2002  run.  The  operational  uptime  was  used  for 
either  FEL  user  operation  or  accelerator  studies. 


In  a  dedicated  beam  time  period  the  high  gradient 
performance  of  module  #3  was  studied.  The  main  goals  of 
this  run  were  to  operate  the  module  near  its  maximum 
gradient,  and  to  accelerate  800  ps  long  macro  pulses 
comprising  1800  bunches  with  more  than  3  nC  bunch 
charge  each.  At  an  average  gradient  of  21.5  MV/m  (5% 
below  the  quench  limit)  a  macro  pulse  current  of  7  mA 
with  a  bimch  charge  variation  of  10%  was  accelerated. 
The  achieved  energy  stability  was  Ge  /  E  =  0.07%. 

The  run  was  carried  out  under  dynamic  conditions  with 
beam  tuning  going  on  and  various  levels  of  operator 
expertise.  The  machine  interlock  system  had  to  check  for 
dangerous  beam  losses  along  the  TTF  Linac.  Seven  of  the 
eight  cavities  in  the  module  were  operated  at  gradients 
between  19  and  22  MV/m.  The  overall  average  gradient 
was  between  19.5  and  21.5  MV/m  as  measured  with  the 
beam.  Typical  module  on  time  was  ~  90%.  Trips  have 
been  counted  but  their  source  has  not  been  investigated. 

Over  a  total  of  42  days,  291  trip  events  were  recorded, 
an  average  of  8.4  events/day  @  5Hz  for  the  8  cavity 
module.  This  trip  rate  includes  amongst  other  things  both 
cavity  and  coupler  trips.  Partway  through  the  run  time  a 
software  RF  inhibit  was  implemented  so  that  potential 
quenches  could  be  detected  without  tripping  the  interlock 
system.  The  recovery  time  after  a  trip  depends  on  the  trip 
reason  and  is  of  the  order  of  one  minute. 

Though  this  run  was  not  a  test  for  extrapolation  to  the 
TESLA  linac  operational  reliability  of  the 
superconducting  cavities  we  believe  these  experiences  are 
positive  and  point  out  some  of  the  basic  differences 


between  superconducting  and  normal  conducting  cavity 
operation.  We  also  believe  that  a  sophisticated  but 
flexible  low-level  RF  system  will  be  needed  to  handle  a 
variety  of  exceptions.  We  note  as  well  that  the  cavities  in 
this  test  have  been  in  operation  for  over  10,000  hours  and 
that  for  this  run  they  were  operated  very  close  to  their 
limit,  a  situation  that,  assuming  the  high  gradients  of 
electro-polished  cavities,  will  not  occur  for  the  500  GeV 
TESLA  collider. 

OUTLOOK  -  CONCLUSION 

The  TTF  Linac  at  DESY  was  used  to  demonstrate  the 
viability  of  a  superconducting  linear  collider.  Based  on 
the  above  mentioned  and  referenced  results  the  TESLA 
Technical  Design  Report  has  been  published  in  2001.  The 
proposal  was  evaluated  by  the  German  Science  Council, 
advising  the  German  government  in  matters  of  science 
[6]. 

Together  with  partners  of  the  TESLA  collaboration, 
DESY  is  extending  the  actual  TTF  set-up  to  1  GeV.  A 
FEL  user  facility  with  wavelengths  down  to  6  nm  will  be 
offered  after  the  commissioning  in  2004. 

Based  on  the  evaluation  of  the  German  Science 
Council  and  based  on  the  successful  operation  of  the  TTF 
Free-Electron  Laser,  the  German  Federal  Research 
Minister  approved  the  XFEL  and  included  half  of  the 
costs  into  its  long-term  investment  program.  The  ministry 
announced  negotiations  on  European  cooperation  to 
prepare  a  decision  on  construction  within  about  two  years, 
i.e.  early  2005. 

In  view  of  this  support  for  the  XFEL,  the  TESLA 
Collaboration  has  started  a  careful  design  review  of 
basically  all  components  which  were  tested  at  the  TTF. 
This  includes  the  RF  structures  itself  but  is  not  limited  to 
the  accelerating  sections;  injectors,  beam  diagnostics, 
undulators  have  to  be  studied  as  well.  Most  of  this  work 
has  large  overlap  with  the  continuing  international 
research  towards  the  TESLA  Linear  Collider.  The  need 
for  industrial  manufacturing  of  all  accelerator  components 
will  push  the  superconducting  technology  in  industry. 
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RELIABILITY  ISSUES  FOR  LINEAR  COLLIDERS* 

N.  Phinney*,  C.  Adolphsen,  M.C.  Ross,  SLAC,  Stanford,  CA  94309,  USA 


Abstract 

To  deliver  a  high  integrated  luminosity  over  several 
years  of  operation,  a  linear  collider  must  not  only  meet  its 
energy  and  luminosity  performance  goals,  but  also  have  a 
veiy  high  hardware  availability  and  operating  efficiency. 
The  first  challenge  is  the  size  and  complexity  of  the 
facility.  If  the  typical  reliability  of  existing  High  Energy 
Physics  accelerators  is  simply  scaled  to  the  size  of  a  500 
GeV  linear  collider,  the  overall  system  availability  will  be 
too  low.  The  final  design  must  incorporate  a  more 
rigorous  failure  analysis  as  well  as  built-in  overheads  and 
redundancy.  An  additional  challenge  is  the  complexity  of 
the  tuning  procedures  required  to  preserve  a  very  small 
beam  emittance.  These  include  beam-based  alignment  of 
magnets  and  rf  structures,  automated  trajectory  correction, 
feedback,  emittance  and  luminosity  optimization,  and 
more.  Another  issue  is  the  inherently  large  power 
densities  in  the  beams,  which  can  damage  any  beamline 
components  they  intercept.  An  extensive  machine 
protection  system  is  necessary  to  inhibit  beam  in  case  of  a 
fault  and  automatically  execute  a  recovery  sequence.  This 
paper  will  present  the  Important  issues  in  the  context  of 
the  proposed  linear  collider  designs. 

HISTORICAL  PERSPECTIVE 

The  early  generations  of  accelerators  were  high  energy 
physics  machines  which  were  technically  innovative. 
Their  primary  emphasis  was  on  achieving  breakthroughs 
in  energy  and  luminosity,  usually  under  tight  cost 
constraints.  Given  the  overhead  of  fills  and  ramping  for 
storage  rings,  the  luminosity  uptimes  achieved  were  in  the 
range  of  50%. 

The  relative  importance  placed  on  reliability  has 
evolved  with  the  advent  of  accelerator  user  facilities  such 
as  the  synchrotron  light  sources,  and  with  the  new 
generation  of  high  energy  physics  ‘factories’.  The  large 
energy-fi-ontier  colliders  such  as  the  Tevatron  at  FNAL, 
HERA  at  DESY,  LEP  at  CERN,  and  SLC  at  SLAC  have 
achieved  hardware  availabilities  in  the  range  of  70-90%. 
In  contrast,  the  B-factories  at  SLAC  and  KEK  have  closer 
to  95%  availability  for  the  colliders  themselves. 
Synchrotron  light  or  spallation  sources  have  invested 
significant  effort  into  improving  reliability  and  now  reach 
98-99.5%  [1]. 

While  it  is  true  that  these  facilities  are  often  smaller 
than  the  energy-fi-ontier  machines,  and  in  some  respects 
less  demanding  as  to  performance,  the  reliability  achieved 
does  not  appear  to  scale  with  the  size  of  the  complex. 
Rather,  it  appears  that  the  user  facilities  and  factories  have 
higher  standards  for  acceptable  availability  and  therefore 
allocate  the  necessary  resources  to  reach  that  target  level. 

*Work  supported  by  the  U.S.  Dept,  of  Energy  under  contract  DE- 
AC03-76SF005I5. 

*nan@.slac.stanford.edii 


AVAILABILITY  GOALS 

A  reasonable  goal  for  a  future  linear  collider  would  be 
to  have  a  hardware  availability  of  80-85%.  Hardware 
downtime  should  include  unscheduled  repairs  (something 
critical  breaks),  scheduled  repairs  (either*  at  regular 
intervals  or  when  enough  problems  have  accumulated), 
and  all  associated  cooldown,  warmup  and  recovery  times. 
Typically  in  the  past,  only  the  light  sources  have  included 
maintenance  periods  in  their  downtime  accounting,  but 
this  is  really  appropriate  for  all  facilities.  Modem 
accelerators  do  not  require  routine  ‘preventative’ 
maintenance  and  interventions  are  only  ‘scheduled’  when 
there  is  broken  hardware.  Hence,  they  take  away  fi-om  the 
overall  beam  time  that  might  otherwise  be  delivered.  Note 
that  each  maintenance  intervention  takes  on  the  order  of  3 
shifts,  including  edge  effects  and  recovery.  A  ‘day’  every 
3  weeks  represents  already  a  5%  hit. 

The  overall  operating  efficiency  or  beam  availability  is 
typically  significantly  smaller  than  the  hardware  uptime. 
The  integrated  luminosity  delivered  is  closer  to  half  of 
vvhat  might  be  expected  from  the  peak  rate,  even  for  the 
high  performance  ‘factories’.  Beam  inefficiencies  include 
Machine  Development  (time  spent  studying  and 
improving  the  accelerator),  the  impact  of  tuning 
procedures,  injection  and  the  luminosity  decay  during  a 
store  (for  storage  rings).  Machine  Protection  trips  and 
recovery  (for  linacs),  and  last  but  not  least,  the  simple  fact 
that  accelerators  do  not  manage  to  deliver  the  same 
luminosity  every  pulse  or  every  store.  A  reasonable  goal 
for  a  linear  collider  would  be  a  beam  efficiency  of  75- 
80%,  which  would  produce  a  delivered  luminosity  equal 
to  ~65%  of  peak  performance. 

Achieving  this  availability  goal  will  be  a  challenging 
task  for  a  facility  the  size  of  a  linear  collider,  but  it  is 
necessary  in  order  to  integrate  significant  luminosity. 
Experience  with  the  SLC  and  more  recently  with 
recommissioning  the  upgraded  Tevatron  and  HERA  has 
shown  that  poor  reliability  can  impact  the  peak  luminosity 
achievable  as  well  as  the  integrated  performance.  If  the 
hardware  interruptions  are  too  fi-equent,  the  machine  is 
not  up  long  enough  to  effectively  make  progress  on  the 
luminosity  issues.  It  was  only  after  the  SLC  achieved 
reasonable  reliability  that  the  many  beam  tuning 
challenges  for  a  linear  collider  could  be  addressed.  The 
more  complex  next  generation  of  colliders  must  be 
designed  from  the  start  for  high  availability  so  that  the 
inevitable  new  problems  can  be  overcome  rapidly  and 
effectively. 

SIGNIFICANT  ISSUES 

Several  aspects  of  a  linear  collider  make  achieving  high 
reliability  particularly  challenging.  First  is  the  sheer  size 
of  the  facility  and  the  number  of  components  which  must 
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be  functional  if  the  machine  is  to  operate.  If  the  typical 
reliability  of  existing  HEP  accelerators  is  simply  scaled  to 
the  size  of  a  500  GeV  linear  collider,  then  the  resulting 
uptime  will  be  unacceptably  low.  Fortunately,  this  is 
amenable  to  engineering  solutions.  Reliability  with  large 
numbers  of  components  was  studied  extensively  for  the 
Superconducting  Super  Collider  project  in  Texas  and 
more  recently  for  projects  such  as  the  Large  Hadron 
Collider  in  Switzerland  and  the  Spallation  Neutron  Source 
in  Tennessee.  Reliability  must  be  addressed  up  front  by 
failure  analysis,  and  appropriate  remedies  must  be 
implemented.  Adequate  engineering  margins  are  essential 
if  components  are  to  perform  reliably  in  the  long  term. 
The  key  issue  is  whether  sufficient  engineering  and 
financial  resources  are  actually  allocated  during 
development  and  construction  to  produce  a  reliable 
system. 

Linac  rf  systems 

The  main  linac  rf  system  demands  particular  care 
because  of  the  large  number  of  components  with 
relatively  short  lifetimes.  Table  1  lists  the  component 
counts  as  given  in  the  2003  Technical  Review  Committee 
Report  [2].  The  klystrons  (and  some  modulator  components) 
must  be  replaced  frequently  and  are  considered  a 
consumable  expense.  In  addition,  the  modulators, 
klystrons,  distribution  system,  and  structures  or  cavities 
will  experience  brief  faults  or  breakdown  events  where 
the  hardware  can  be  reset  and  continue  operation  after  an 
appropriate  timeout.  Because  each  unit  contributes  only  a 
small  fraction  of  the  total  energy,  a  fault  will  typically  not 
interrupt  operation,  but  simply  cause  that  pulse  to  be 
slightly  low  in  energy.  All  linear  collider  designs  plan  to 
include  spare  rf  units  which  can  be  switched  in  when  a 
unit  faults  or  needs  repair.  Critical  issues  are  the 
frequency  and  impact  of  faults,  the  adequacy  of  the  spares 
overhead,  and  the  accessibility  and  duration  of  repairs. 


TESLA 

JLC-C 

JLC-X/NLC 

Modulators 

572 

2138 

508 

Klystrons 

572 

4276 

4064 

Rf  Distribution 

n/a 

2138 

2032 

Structures/ 

Cavities 

20592 

6784 

12192 

Spare  rf  imits 

2% 

5% 

5% 

Table  1 :  Main  linac  rf  components  required  for  500  GeV 
center-of-mass  (both  linacs) 


In  the  linear  collider  designs  based  on  warm  rf 
technology,  the  klystrons  and  modulators  are  installed  in  a 
separate  support  housing  where  they  are  accessible  for 
repair  while  the  collider  is  delivering  luminosity.  Since 
they  can  be  replaced  more  or  less  continuously,  the 
number  of  spares  required  is  determined  by  estimated 
fluctuations  in  the  failure  rate.  In  the  present  JLC-X/NLC 
designs,  5%  overhead  has  been  allocated  to  cover  both 


faults  and  failures.  The  design  based  on  superconducting 
rf  technology  described  in  the  TESLA  Design  Report  [3] 
has  a  single  tunnel.  The  modulators  are  installed  in 
support  housings  but  the  klystrons,  transformers,  and 
high-power  pulsed  cables  are  in  the  tunnel  with  the 
accelerator  and  can  only  be  repaired  during  a  shutdown. 
The  stated  goal  is  to  have  a  maintenance  intervention  no 
more  often  than  every  three  weeks.  This  would  be 
difficult  to  achieve  without  substantially  more  overhead 
than  the  allocated  2%  spares. 

Tuning  procedures 

Another  aspect  which  makes  a  linear  collider 
particularly  challenging  is  in  the  complexity  of  the  tuning 
procedures  required  to  preserve  a  very  small  beam 
emittance.  In  all  areas  of  the  collider  from  the  damping 
rings  to  the  interaction  point,  the  component  alignment 
tolerances  are  extremely  tight  (micron-scale)  and  cannot 
be  achieved  by  traditional  survey  techniques.  All  of  the 
designs  foresee  extensive  use  of  beam-based  alignment. 
In  addition,  the  tight  tolerances  make  the  machines  very 
sensitive  to  vibration  (nanometer-scale)  and  to  slow  drifts 
due  to  temperature  and  ground  motion  effects.  As  a  result, 
beam-based  feedback  systems  are  mandatory,  and  both 
invasive  and  non-invasive  retuning  will  be  required  at 
intervals. 

Regardless  of  the  main  linac  rf  technology,  no  linear 
collider  can  be  considered  a  static  machine  and  tuning  is 
required  on  a  variety  of  timescales.  Feedback  is  essential 
to  keep  the  beams  in  collision.  Without  it,  they  would  drift 
apart  between  pulses  of  the  machine  by  as  much  as  tens  of 
nanometers  at  a  noisy  site,  such  as  Hamburg,  to  a  fraction 
of  a  nanometer  at  a  quiet  site,  such  as  the  LEP  tunnel. 
TESLA  plans  to  bring  the  beams  into  collision  and 
optimize  the  positions  within  a  single  long  bunch  train. 
NLC/JLC-X  use  pulse-to-pulse  feedback  at  100-120  Hz  to 
damp  motion  at  frequencies  below  about  10  Hz. 
Trajectory  feedback  is  required  to  keep  the  beams 
centered  in  the  strong  final  focus  sextupoles  or  the 
luminosity  degrades  within  minutes.  Trajectory  feedback 
is  required  elsewhere  to  damp  transients  and  correct  slow 
drifts.  Energy  feedback  must  compensate  for  fluctuations 
in  the  total  linac  energy  due  to  rf  faults  as  well  as  to  a 
variety  of  rf  phase  or  amplitude  errors.  Re-steering  of  the 
main  linacs  and  damping  rings  will  be  needed  on  the  time 
scale  of  hours  and  dispersion  correction  of  the  rings  on 
the  time  scale  of  days. 

Alignment  tolerances 

The  alignment  tolerances  differ  for  the  two  techno¬ 
logies,  as  do  the  methods  forseen  to  correct  errors.  The 
quadrupole  and  cavity  tolerances  are  10  and  100  times 
looser  for  the  superconducting  main  linacs,  but  the  X- 
band  linac  will  have  high  precision  position  monitors  on 
both  structures  and  magnets,  and  movable  stages  on  each 
magnet  or  girder  to  effect  the  required  alignment.  In  the 
damping  rings,  the  situation  is  reversed.  The  X-band 
damping  rings  are  similar  to  third  generation  light  sources 
and  have  tolerances  which  are  no  more  than  a  factor  of  3 
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tighter  than  what  has  already  been  achieved  [4],  The 
damping  rings  for  TESLA  will  have  tolerances  which  are 
another  3-10  times  tighter,  and  these  must  be  maintained 
over  a  17  km  circumference.  Meeting  these  tolerances 
may  require  movable  stages  for  precision  alignment 
and/or  more  rigid  supports  than  presently  foreseen.  Table 
2  compares  the  tolerances  for  the  TESLA  and  NLC 
damping  ring  designs  with  those  for  the  recently 
completed  Swiss  Light  Source  (SLS)  as  given  in  Ref.  4. 
In  the  final  focus,  the  alignment  tolerances  are  similar  for 
both  designs  but  the  superconducting  collider  is  more 
sensitive  to  vibration  because  the  low  repetition  rate  limits 
the  frequency  to  which  feedback  can  be  effective. 


SLS 

NLC 

TESLA 

Energy  [GeV] 

2.4 

2 

5 

Circumference  [m] 

288 

300 

17,000 

Sext  vert  align  [|tm] 

71 

31 

11 

Quad  roll  align  [p,rad] 

374 

322 

38 

Quad  vert  jitter  [nm] 

230 

75 

76 

Table  2:  Alignment  tolerances  for  the  TESLA  and  NLC 
damping  rings  compared  with  tolerances  at  the  Swiss 
Light  Source  (SLS) 


MACHINE  PROTECTION 

The  small,  very  intense,  beams  in  a  linear  collider 
require  a  new  approach  to  machine  protection  (MPS) 
untested  at  any  existing  or  soon  to  be  completed  machine. 
The  pulsed  time  structure  of  the  beam,  as  opposed  to  the 
CW  nature  of  storage  rings  like  the  Tevatron  or  LHC  is  an 
additional  difficulty.  A  single,  nominal  intensity,  bunch 
will  damage  almost  any  accelerator  hardware  it  happens 
to  strike  downstream  of  the  damping  rings.  Since  it  is  not 
possible  to  stop  a  given  beam  bunch  once  extracted  from 
the  damping  ring,  there  is  little  fundamental  difference  in 
the  MPS  exposure  or  design  strategy  for  the  different 
machines.  The  long  inter-bunch  interval  in  TESLA  allows 
the  beam  to  be  switched  off  somewhat  more  quickly  than 
in  JLC/NLC.  The  minimum  time  required  to  turn  off  the 
beam  is  one  full  interpulse  period  for  the  JLC/NLC  short 
train  and  about  1/10  of  the  train  length  (-100  ps  or  300 
bunches)  for  TESLA. 

Protection  system  schemes  have  been  proposed  for  both 
TESLA  and  JLC/NLC  which  appear  feasible  [5].  They 
must  automatically  control  changes  in  beam  power,  both 
by  halting  operation  when  a  fault  is  detected  and  by 
restoring  operation  when  the  fault  is  cleared.  They  rely 
heavily  on  the  use  of  a  pilot  bunch  and  a  fast  permit 
system.  The  permit  signal  is  derived  from  beam  data 
taken  on  the  previous  pulse  and  from  a  system  that 
monitors  fast  devices.  Before  operation  can  be  resumed 
after  a  fault,  the  MPS  must  provide  for  the  production  of  a 
sequence  of  pilot  and  low  power  pulses  that  prove  the 
fitness  of  the  downstream  systems  for  high  power 
operation. 


TUNNEL  CONFIGURATION 

The  TESLA  Design  Report  [3]  proposed  a  collider  built 
within  a  single  tunnel.  This  tunnel  would  contain  the 
beam  lines  for  the  superconducting  main  linacs,  damping 
rings,  injectors,  injector  linacs,  positron  production,  and 
beam  delivery  systems.  The  linac  klystrons  with  pulse 
transformers,  rf  controls  and  high  power  pulsed  cables,  as 
well  as  many  power  supplies  and  electronics,  would  also 
be  installed  in  the  same  tunnel.  In  contrast,  the  X-band  rf 
machine  would  have  separate  tunnels  for  the  injectors  and 
damping  rings  and  separate  accessible  support  housings 
for  klystrons,  power  supplies,  electronics,  etc.  to  facilitate 
repair  during  operation. 

A  single  tunnel  would  require  intermpting  operation  at 
frequent  intervals  to  access  the  tunnel  to  replace  failed 
klystrons  and  repair  other  components.  Great  care  would 
be  needed  to  ensure  that  all  in-tunnel  components  had 
extremely  high  reliability.  Because  a  single  tunnel  would 
house  almost  all  beamlines,  linac  access  would  also 
impact  the  rings  and  injectors.  The  single  tunnel  also 
limits  flexibility  in  initial  commissioning.  All  of  these 
issues  would  need  to  be  carefully  assessed  with  regard  to 
reliability  and  efficiency.  The  single  tunnel  choice  was 
driven  by  cost  considerations  and  constraints  of  the  DESY 
site,  but  could  well  be  reconsidered  for  a  superconducting 
linear  collider  built  elsewhere. 

CONCLUSIONS 

To  deliver  the  integrated  luminosity  demanded  by  the 
physics  goals,  a  linear  collider  will  need  to  be  designed 
for  very  high  hardware  availability  and  beam  efficiency. 
Nominal  goals  of  80-85%  for  hardware  availability  and 
75-80%  for  beam  efficiency  will  not  be  achieved  without 
considerably  more  effort  than  has  often  been  devoted  in 
the  past.  A  robust  design  requires  rigorous  failure 
analysis,  generous  built-in  overheads  and  redundancy  for 
critical  components.  Complex  tuning  procedures  will 
demand  an  unprecendented  level  of  automation.  Overall 
these  goals  should  be  achievable,  but  only  if  sufficient 
attention  and  resources  are  allocated  from  the  earliest 
design  stage  through  commissioning  and  operation. 
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Abstract 

The  JLC/NLC  is  a  normal  conducting  linear  collider 
based  on  X-band  RF  technology.  The  collider  is  designed 
to  eover  the  center-of-mass  energy  range  from  90  GeV  to 
1.3  TeV  with  a  luminosity  of  2  to  3  xlO^'*  cm“^s^^  be¬ 
tween  500  GeV  and  1  TeV.  The  X-band  RF  system,  which 
is  based  on  the  operating  NLC  Test  Accelerator  X-band  RF 
system,  was  recently  modified  in  a  way  that  will  ensure  a 
less  expensive  and  faster  demonstration  of  a  full  RF  sub¬ 
unit.  In  this  paper,  the  baseline  beam  parameters  and  RF 
system  design  for  the  JLC/NLC  will  be  described,  along 
with  the  demonstration  schedule. 

1  THE  JLC/NLC  PROJECT 

The  concept  of  a  linear  collider  for  TeV-scale  particle 
physics  research  is  now  well-established  in  the  high  energy 
physics  community.  The  broad  outlines  of  such  a  facility  - 
initial  operation  at  0.5  TeV  in  the  center-of-mass,  ultimate 
energy  reach  of  at  least  1.0  TeV,  and  luminosity  in  excess 
of  10^^cm“^s“^  over  this  range  -  have  been  endorsed  by 
Asian,  European,  and  U.S.  advisory  panels  [1,2, 3]. 

Over  the  last  10  years,  a  number  of  design  proposals  for 
linear  colliders  have  been  presented.  The  primary  variable 
in  the  proposals  is  the  design  of  the  main  linear  accelera¬ 
tors,  which  in  turn  drives  design  variations  in  other  systems 
(damping  rings,  etc.).  At  this  time,  two  main  linac  tech¬ 
nologies  are  in  competition  for  use  in  the  next  generation 
linear  collider;  a  low-frequency,  long-pulse,  superconduct¬ 
ing  RF  system  [4],  and  a  high-frequency,  short-pulse,  nor¬ 
mal  conducting  RF  system.  The  latter  is  the  basis  for  the 
Japan  Linear  Collider/Next  Linear  Collider  (JLC/NLC), 
which  is  being  advanced  by  Japan  and  the  United  States 
in  concert. 


Figure  1 :  Schematic  of  the  JLC/NLC  design. 


Figure  1  shows  a  schematic  of  the  JLC/NLC  design. 
Features  of  interest  include: 

•  Conventional  electron  source  (polarized  DC  gun)  and 
positron  source  (thick  production  target  with  electron 

‘Work  supported  by  the  US.  Department  of  Energy,  contract  DE- 
AC03-76SF0051S 


drive  beam),  based  on  SLC  designs  with  appropriate 
improvements. 

•  Damping  rings  similar  in  design  and  parameters  to 
third  generation  synchrotron  light  sources  and  the 
KEK-ATF  prototype  damping  ring. 

•  Bypass  lines  parallel  to  each  linac  to  transport  lower- 
energy  beams  to  tbe  final  focus  without  unwanted 
emittance  dilution  in  unused  portions  of  the  linac. 

•  Two  interaction  regions  capable  of  operation  from  90 
GeV  to  1.3  TeV  CM. 

Figure  2  shows  the  layout  of  the  JLC/NLC  main  linac:  the 
accelerator  and  its  support  systems  (klystrons,  etc.)  are  in 
separate  tunnels,  so  that  the  latter  may  be  maintained  with¬ 
out  human  access  to  the  accelerator  tunnel. 

SLED-II 
delay  lines 

Modulator  i 

Klystrons  , 


Accelerator  Tunnel 
(Inner  diameters  3m) 


Figure  2:  Two-tunnel  layout  of  the  JLC/NLC  design. 


2  ADVANTAGES  OF  X-BAND 

Any  proposed  technology  for  a  future  linear  collider 
must  satisfy  a  number  of  competing  demands:  it  must 
achieve  an  acceptably  high  gradient  and  an  acceptably  high 
efficiency  of  conversion  from  AC  power  to  beam  power  to 
minimize  constraction  and  operating  costs;  it  must  achieve 
a  high  reliability;  it  must  transport  the  beam  with  minimal 
dilution  of  the  emittance,  especially  the  very  small  verti¬ 
cal  emittance;  and  it  must  be  amenable  to  engineering  and 
mass  production,  and  may  not  place  unacceptable  demands 
upon  the  design  or  performance  of  any  other  subsystem. 

The  principal  advantages  of  today’s  superconducting  RF 
technology  are  very  efficient  acceleration,  low  input  power 
(which  eases  the  design  of  the  RF  power  sources),  and,  be¬ 
cause  of  the  low  frequency  and  weak  wakefields  of  such 
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structures,  loose  alignment  tolerances  for  emittance  preser¬ 
vation.  The  most  obvious  advantage  of  higher-frequency, 
normal  conducting  RF  structures  is  its  relatively  high  ac¬ 
celerating  gradient,  which  permits  a  high-frequency  linac 
to  be  built  on  a  smaller  site  than  a  comparable  supercon¬ 
ducting  linac.  In  addition,  there  are  a  number  of  other,  more 
subtle,  advantages  to  the  high-frequency  system: 

•  High  frequency  structures  are  amenable  to  much 
shorter  filling  times  than  superconducting  ones  (on  the 
order  of  100  nanoseconds  compared  to  1  millisecond. 

•  Since  the  filling  time  of  a  high-frequency  structure 
is  so  short,  it  can  be  pulsed  many  more  times  per 
second  than  a  superconducting  linac,  which  makes 
beam-based  feedback  on  a  linac-pulse  to  linac-pulse 
timescale  more  effective. 

•  Normal  conducting  structures  have  cleanliness  re¬ 
quirements  which  are  more  compatible  with  industrial 
mass  production  than  those  of  superconducting  struc¬ 
tures. 

•  Because  normal  conducting  structures  are  not  sealed 
up  in  a  cryostat,  optical  and  contact  alignment  tech¬ 
niques  can  be  used  and  thus  the  tighter  tolerances  of 
such  structures  are  not  much  harder  to  achieve  than 
the  tolerances  on  superconducting  structures. 

•  As  a  result  of  the  shorter  fill  time,  high  frequency 
structures  are  compatible  with  relatively  short  bunch 
trains,  thus  the  beam  sources  and  damping  rings  for 
such  a  complex  are  much  more  like  existing  systems 
than  what  would  be  needed  for  a  superconducting 
linac. 

The  short  bunch  trains  and  small  damping  rings  required 
for  an  X-band  linear  collider  have  also  permitted  test  facil¬ 
ities  for  these  portions  of  the  complex  to  be  constructed  in 
a  reasonable  manner,  although  full  testing  of  the  emittance 
preservation  and  luminosity  generation  remains  beyond  the 
capability  of  any  conceivable  test  facility. 

3  OPERATING  RANGE  AND 
PARAMETERS 

The  JLC/NLC  accelerating  gradient  is  based  on  the  re¬ 
quirements  of  cost  optimization:  higher  gradients  imply 
lower  civil  construction  and  accelerator  costs  but  incur  a 
penalty  in  RF  power  source  costs.  For  X-band  RF  technol¬ 
ogy  a  shallow  minimum  in  capital  costs  is  found  at  an  un¬ 
loaded  gradient  of  about  70  MeV/meter  [5];  the  JLC/NLC 
baseline  has  been  chosen  at  65  MeV/meter  for  this  reason. 

The  physics  mission  of  the  linear  collider  requires  oper¬ 
ational  capability  at  center-of-mass  energies  from  90  GeV 
to  1  TeV,  and  a  luminosity  in  excess  of  lO^^cm-^g-i  from 
0.5  TeV  to  1  TeV  CM.  The  JLC/NLC  parameters  have  been 
selected  to  achieve  luminosity  of  2  to  3  x  lO^'^cm-^g-i 
over  the  0.5  to  1.0  TeV  CM  range.  The  relevant  parameters 


are  shown  in  Table  1.  At  lower  CM  energies  the  luminos¬ 
ity  will  be  somewhat  reduced  due  to  the  larger  geometric 
emittance  of  the  beam  in  the  final  focus  and  the  increased 
impact  of  collimator  wakefields  at  lower  energies. 

Table  1:  JLC/NLC  Parameters  for  120  Hz  repetition  rate  at 
a  site  with  60  Hz  AC  power.  If  constructed  at  a  50  Hz  site, 
repetition  rate  becomes  150  Hz  at  0.5  TeV  CM  and  100  Hz 
at  1.0  TeV  CM,  yielding  2.5  x  10^^  luminosity  for  both 
energies. _ 


Parameter 

0.5  TeV  CM  1.0  TeV  CM 

Luminosity  (10^“*) 

20 

30 

Bunch  Charge  (10^*^) 

0.75 

Bunches/Train 

192 

Bunch  Spacing  (nsec) 

1.4 

ffz  (fim) 

110 

7ex,„  at  DR  exit  (iim) 

3  X  0.02 

'ycx.v  at  IP  (/jm) 

3.6  X  0.04 

Pl.v  (nmi) 

8  X  0.11 

13  X  0.11 

(r*x.v  (nm) 

243  X  3.0 

219  X  2.3 

Pinch  Enhancement 

1.51 

1.47 

In  order  to  achieve  maximum  luminosity,  the  JLC/NLC 
design  assumes  a  substantial  beam  current  (0.86  amperes), 
which  results  in  a  reduction  of  the  accelerating  gradient 
from  65  MeV/meter  to  50  MeV/meter.  Since  the  JLC/NLC 
accelerating  sfructures  are  conditioned  up  to  the  full  un¬ 
loaded  gradient  of  65  MeV/meter,  operation  at  higher  CM 
energy  is  possible  if  the  beam  current  is  reduced,  thus  trad¬ 
ing  off  luminosity  for  CM  energy.  At  negligible  loading, 
1.3  TeV  CM  can  be  achieved  in  the  baseline  design  at  a 
luminosity  of  about  0.5  x  10®^cm“^s~^. 

4  RF  SYSTEM 

Figure  3  shows  the  evolution  of  the  JLC  and  NLC  RF 
systems  from  1996  to  the  present,  unified  JLC/NLC  config¬ 
uration.  In  1999,  the  baseline  RF  system  for  the  JLC/NLC 
consisted  of  the  following:  One  solid-state  modulator  driv¬ 
ing  eight  klystrons,  each  of  which  produced  75  MW  peak 
power  over  a  1.5  fisec  pulse  length;  the  power  from  the 
klystrons  was  combined  and  distributed  in  a  dual-mode  De¬ 
lay  Line  Distribution  System  (DLDS)  pulse  compression 
system;  the  resulting  375  nsec,  600  MW  RF  pulses  were 
distributed  to  four  RF  girders,  each  of  which  included  three 
1 .8  m  X-band  structures.  The  unloaded  gradient  reached  70 
MeV/meter  [10]. 

The  principal  disadvantage  of  the  1999  baseline  system 
is  that  a  minimum  of  600  MW  of  klystron  peak  power 
is  required  for  any  system-level  demonstration.  In  addi¬ 
tion,  high-power  tests  of  accelerating  structures  have  indi¬ 
cated  that  a  60  cm  structure  has  superior  performance  to 
the  longer  structures  favored  in  earlier  configurations. 

In  order  to  demonstrate  a  “JLC/NLC-ready”  RF  sys¬ 
tem  in  a  timely  manner,  the  baseline  design  of  the  system 
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Evolution  of  RF  Unit  Scheme 
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6  RF  SYSTEM  DEVELOPMENT  AND 
TESTING 

A  prototype  of  the  JLC/NLC  baseline  RF  system  is  un¬ 
der  construction  at  SLAC.  The  system  will  ultimately  pro¬ 
vide  the  design  RF  power  level  and  pulse  length  to  a  base¬ 
line  girder  of  eight  (8)  0.6  meter  RF  structures.  Testing 
milestones  include: 


Figure  3:  Evolution  of  the  JLC  and  NLC  main  linac  de¬ 
signs,  from  1996  to  the  present. 

was  substantially  modified.  In  the  present  baseline,  one 
solid  state  modulator  drives  two  klystrons,  with  75  MW 
peak  power  and  1.6  /rsec  pulse  length;  the  power  from 
the  klystrons  is  combined  and  compressed  in  one  dual- 
moded  SLED-II  unit,  with  a  pair  of  31  meter  long  cylin¬ 
drical  waveguides;  the  resulting  400  nsec  RF  pulse  is  sent 
to  one  RF  girder,  which  contains  eight  0.6  m  X-band  stmc- 
tures;  the  latter  reach  65  MeV/meter  unloaded  gradient. 

The  efficiency  of  the  2003  baseline  is  mildly  reduced 
from  that  of  the  1999  design  because  SLED-II  is  inherently 
less  efficient  than  DLDS.  As  a  result  the  unloaded  gradient 
is  lower,  as  noted  above,  and  thus  the  linac  length  has  been 
increased  to  compensate. 

5  ACCELERATING  STRUCTURE 

The  invariant  requirements  of  the  JLC/NLC  structures 
are  the  frequency  of  the  fundamental  mode  (11.424  GHz), 
and  the  attenuation  parameter  r  (0.55-0.60).  The  combi¬ 
nation  of  these  requirements  in  turn  fixes  the  structure  fill 
time  at  about  110  nanoseconds. 

The  1999  baseline  design  envisioned  use  of  structures 
with  a  1.8  meter  length,  implying  an  average  group  ve¬ 
locity  of  about  0.06c.  During  high-power  RF  testing,  it 
was  shown  that  such  structures  have  unacceptable  gradient 
limitations  due  to  frequent,  high-energy  breakdown  events 
damaging  the  upstream  (high  group-velocity)  end  of  the 
structure  [6].  Extensive  testing  has  shown  that  structures 
with  lower  group  velocity  are  less  susceptible  to  damage. 

The  present  JLC/NLC  stmcture  baseline  design  is  60  cm 
in  length,  implying  an  average  group  velocity  of  0.02c,  ta¬ 
pering  from  0.03c  at  the  input  coupler  to  0.01c  at  the  output 
coupler.  The  ratio  of  the  average  iris  radius  to  the  RF  wave¬ 
length,  a/ A,  has  been  reduced  from  0.18  to  0.17,  which  in¬ 
creases  the  shunt  impedance  of  the  stmcture  at  the  expense 
of  a  moderate  increase  in  the  severity  of  the  wakefields.  In 
order  to  achieve  the  low  group  velocity  while  maintaining 
a  large  iris  radius,  the  phase  advance  per  cell  has  been  in¬ 
creased  to  150°,  and  in  addition  the  thickness  of  the  irises 
has  been  increased  [7].  As  in  previous  designs,  a  combi¬ 
nation  of  dipole-mode  detuning  and  weak  damping  will  be 
used  to  control  the  long-range  transverse  wakefield;  in  the 
present  design,  use  of  “four-fold  interleaving”  (4  families 
of  60  cm  stmctures  with  slight  variations  in  dipole-mode 
frequencies  between  families)  will  reduce  the  long-range 
wakefield  to  negligible  levels  [8]. 


•  Demonstration  of  450  MW  power,  400  nsec  pulse 
length  out  of  a  dual-moded  SLED-II  system  with  all 
associated  support  hardware  and  software  (TRC  R1 
goal)  [9]  -  Summer  2003. 

•  Acceptance  testing  of  0.6  meter  RF  stmcture  with 
a/A  =  0.17  (TRC  R1  goal)  -  Autumn  2003. 

•  Integrated  system  test;  1  modulator,  2  klystrons,  1 
SLED-II  system,  eight  (8)  “JLC/NLC  Ready”  RF 
stmctures,  and  beam  (TRC  R2  goal)  -  mid-2004. 

The  first  two  milestones  in  the  list  above  will  be  achieved 
using  50  MW,  solenoid-focused  klystrons.  The  “JLC/NLC- 
ready”  klystron  requires  75  MW  peak  power,  1.6  microsec¬ 
ond  pulse  length,  120  or  150  Hz  repetition  rate,  and  perma¬ 
nent  magnet  focusing.  This  klystron  is  being  developed  in 
a  separate  U.S./Japan  program;  a  number  of  prototypes  are 
already  in  testing,  and  additional  units  will  become  avail¬ 
able  over  the  next  few  months.  It  is  expected,  therefore, 
that  all  TRC  R1  and  R2  goals  related  to  beam  acceleration 
will  be  achieved  within  1  year  of  this  writing. 
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Abstract 

The  aim  of  the  CLIC  Test  Facility  CTF3  at  CERN  is  to 
prove  the  feasibility  of  key  issues  of  the  two-beam  based 
Compact  Linear  Collider  (CLIC)  study.  In  particular,  it  ad¬ 
dresses  the  generation  of  a  drive  beam  with  the  appropriate 
time  stmcture  to  produce  high  power  RF  pulses  at  a  fre¬ 
quency  of  30  GHz. 

The  first  major  goal  of  CTF3  was  to  demonstrate,  at  low 
charge,  the  combination  of  successive  bunch  trains  by  RF 
deflectors  in  an  isochronous  ring.  This  bunch  frequency 
multiplication  has  been  successfully  performed  for  various 
combination  factors  up  to  five  and  will  be  presented. 

INTRODUCTION 

The  Compact  Linear  Collider  (CLIC)  study  [1]  aims  at 
a  multi-TeV  (0.5-5  TeV  centre-of-mass),  high-luminosity 
(8-  10^‘*cm“^s“‘)  electron-positron  collider  for  particle 
physics.  The  CLIC  scheme  is  based  on  the  Two-Beam  Ac¬ 
celeration  concept  where  a  low-energy,  high-intensity  drive 
beam  powers  the  main  beam  of  a  high-frequency  (30  GHz) 
linear  accelerator  with  a  gradient  of  150  MV/m. 

One  main  challenge  of  this  scheme  is  to  generate  the 
drive  beam  in  a  low-frequency  accelerator  and  to  obtain 
the  required  high-frequency  bunch  structure  needed  for 
30  GHz  RF  production.  This  bunch  structure  is  obtained 
by  sending  the  beam  through  an  isochronous  combiner  ring 
using  RF  deflectors  to  inject  and  combine  electron  bunches, 
thus  increasing  the  bunch  repetition  frequency. 

The  aim  of  the  CLIC  Test  Facility  3  (CTF3)  project  is 
to  demonstrate  the  technical  feasibility  of  the  key  concepts 
of  CLIC.  In  a  first  stage  (CTF3  Preliminary  Phase)  [2],  a 
low  current  test  of  the  bunch  train  combination  was  per¬ 
formed,  where  the  injection  into  the  ring  by  RF  deflectors 
and  the  multiplication  of  the  bunch  repetition  frequency 
were  demonstrated. 

THE  PRELIMINARY  PHASE  OF  CTF3 

The  Preliminary  Phase  of  CTF3  made  maximum  use  of 
the  existing  hardware  of  the  former  LEP  Pre-Injector  (LPI) 
complex  at  CERN.  Some  major  modifications  had  to  be 
performed  to  adapt  the  installation  to  the  new  requirements 
of  CTF3.  The  general  layout  of  the  facility  is  shown  in 
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Fig.  1  and  a  detailed  description  can  be  found  in  [3].  The 
machine  was  commissioned  and  operated  between  Septem¬ 
ber  2001  and  October  2002. 

The  CTF3  Preliminary  Phase  installation  consists  of  a 
3  GHz  linear  accelerator  with  a  matching  section,  an  in¬ 
jection  line,  and  a  combiner  ring.  The  thermionic  gun  [4] 
of  the  linac  produces  up  to  seven  electron  pulses  of  6.6  ns 
FWHM  spaced  by  420  ns,  equivalent  to  the  revolution  pe¬ 
riod  of  the  ring.  The  3  GHz  bunching  system  subdivides 
these  pulses  into  trains  of  approximately  20  bunches  each, 
spaced  by  333  ps.  The  charge  per  bunch  is  about  0.1  nC, 
limited  for  the  combination  process  by  the  beam-loading  in 
the  linac  accelerating  stmctures.  The  linac  accelerates  the 
bunches  to  an  energy  of  about  350  MeV  before  entering  a 
matching  section  to  adapt  the  transverse  Twiss  parameters 
of  the  beam  to  the  injection  line  optics.  The  following  in¬ 
jection  line  is  achromatic  and  isochronous  at  first  order  to 
avoid  bunch  lengthening. 

The  ring  has  a  design  circumference  of  125.647  m,  opti¬ 
mized  for  the  combination  where  the  condition 

C  =  nX(i±~  (1) 

has  to  be  met  between  the  ring  circumference  C  and  the 
bunch  frequency  multiplication  factor  N.  is  the  RF  wave 
length  in  the  linac  and  the  deflectors,  and  n  an  integer.  The 
frequency  can  be  slightly  detuned  in  order  to  switch  be¬ 
tween  different  combination  factors  from  three  to  five. 

BUNCH  TRAIN  COMBINATION  BY 
RF  DEFLECTORS 

The  injection  into  the  ring  is  done  using  two  horizontally 
deflecting  RF  structures.  They  are  located  in  the  ring  with 
a  horizontal  betatron  phase  advance  of  n  between  them  to 
create  a  time-dependent  local  closed  bump  of  the  reference 
orbit.  The  kick  strength  and  direction  vary  rapidly  with 
time,  allowing  the  interleaving  of  the  bunches  in  the  ring 


Figure  1:  General  layout  of  the  CTF3  Preliminary  Phase. 
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Fig.  2  shows  the  principle  of  the  injection  with  RF  deflec¬ 
tors  for  a  frequency  multiplication  factor  four: 

1.  The  bunches  of  the  incoming  train  always  receive  the 
maximum  kiek  from  the  RF  deflector  and  are  deviated 
onto  the  closed  orbit  in  the  ring. 

2.  With  Eq.  1  fulfilled  (for  combination  factor  N  =  4), 
the  bunches  arrive  after  one  turn  in  the  defleetors  at  the 
zero-crossing  of  the  RF  field,  and  stay  on  the  equilib¬ 
rium  orbit.  The  second  train  is  injected  into  the  ring. 

3.  After  a  second  turn,  the  first  train  bunches  are  de¬ 
flected  towards  the  opposite  direction,  the  second  train 
bunches  arrive  at  the  zero-crossing,  and  the  third  train 
is  injected. 

4.  At  the  injection  of  the  fourth  train,  the  first  and  third 
train  bunches  arrive  at  the  zero-crossing,  and  the  sec¬ 
ond  train  bunches  are  kicked  away  from  the  septum. 
The  four  trains  are  now  combined  in  one  single  train. 
The  initial  bunch  spacing  is  reduced  by  a  factor  four 
and  the  current  multiplied  by  the  same  factor. 

For  combination  factors  other  than  four,  the  phase  of  the 
deflecting  field  at  the  passage  of  the  bunches  and  hence  the 
trajectories  between  the  two  deflectors  change  accordingly. 

The  RF  deflectors  are  short  resonant,  travelling-wave, 
iris-loaded  structures  with  a  negative  group  veloeity.  In  or¬ 
der  to  obtain  the  nominal  deflecting  angle  of  4.5  mrad  for 
injection  at  350  MeV,  a  power  of  about  7  MW  is  needed 
in  each  of  the  deflectors.  They  are  powered  by  a  common 
klystron  with  a  phase  shifter  and  variable  attenuator  in  one 
of  the  RF  network  branches  to  allow  relative  phase  and  am- 
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Figure  2:  Bunch  combination  by  RF  deflector  injection  for 
a  multiplication  factor  four. 


plitude  adjustments.  Two  different  types  of  RF  deflectors 
(buUt  by  CERN  and  INFN  Frascati  [5])  were  used  in  two 
running  periods  of  CTF3. 

EXPERIMENTAL  RESULTS 

The  linac  and  the  combiner  ring  had  been  commissioned 
in  2001  [6].  The  RF  deflectors  had  been  installed  in  the 
beginning  of  2002.  Several  measurements  were  performed 
in  order  to  prepare  the  bunch  train  combination  [7].  The 
energy  was  measured  after  the  bunching  system  and  at  the 
end  of  the  linac.  The  beam  optics  was  measured  in  the  linac 
and  found  in  good  agreement  with  the  design.  The  disper¬ 
sion  of  the  injection  line  was  determined  and  one  differ¬ 
ence  from  the  design  was  corrected  empirically  to  render 
the  line  isochronous.  The  betatron  tunes  of  the  ring  were 
determined  for  different  operating  conditions  and  were  in 
excellent  agreement  with  the  MAD  machine  model.  The 
dispersion  of  the  ring  was  measured  for  a  non-isochronous 
optics  and  showed  to  be  very  close  to  the  model. 

The  bunch  length  is  a  very  important  issue  for  the  com¬ 
bination  process.  The  bunches  must  be  kept  short  to  limit 
the  variation  of  the  injection  kick  strength  and  the  trans¬ 
verse  extension  in  the  injection  region.  Simulations  have 
shown  that  about  6.5  ps  rms  is  the  maximum  acceptable 
bunch  length.  The  bunch  length  measured  at  the  end  of 
the  linac  was  of  the  order  of  3  ps  rms.  This  imposes  that 
both  the  injection  line  and  the  combiner  ring  have  to  be 
isochronous  to  avoid  significant  bunch  lengthening.  For 
the  ring,  this  means  that  the  momentum  compaction  fac¬ 
tor  a  must  smaller  than  10“'*.  A  non-zero  a  also  leads  to  a 
changing  bunch  distance  over  a  number  of  turns  in  the  ring 
due  to  the  energy  variation  between  the  different  bunches 
within  a  train  created  by  beam  loading  in  the  linac. 

The  isochronicity  of  the  ring  optics  was  carefully  tuned 
by  changing  the  current  in  one  quadmpole  family  while  ob¬ 
serving  with  a  streak  camera  the  time  structure  of  the  syn¬ 
chrotron  light  emitted  in  a  bending  magnet.  Finally,  the 
bunch  distance  did  not  change  over  60  turns  within  the 
measurement  error.  The  bunch  length  measured  on  the 
streak  camera  profiles  was  of  the  order  of  4ps  rms,  not 
changing  over  several  turns  and  comparable  with  the  one 
obtained  at  the  end  of  the  linac.  Thus,  within  the  resolu¬ 
tion  limit  of  the  streak  camera,  no  bunch  lengthening  was 
observed  either  in  the  injection  line  or  the  ring,  proving  the 
isochronicity  as  required  for  the  combination. 

The  RF  frequency  has  to  be  adapted  for  each  combina¬ 
tion  factor  since  the  path  length  in  the  isochronous  ring  is 
constant  (see  Eq.  1 ).  A  procedure  was  developed  to  opti¬ 
mize  the  RF  frequency  and  both  amplitudes  and  phases  of 
the  two  RF  deflectors.  This  procedure  minimizes  the  injec¬ 
tion  error  with  respect  to  the  closed  orbit  of  the  ring  and 
is  described  in  detail  in  [8].  A  combination  factor  four  was 
obtained  with  a  frequency  of  ft,  =  2.998  585  GHz.  After  the 
optimization,  the  bunch  train  combination  showed  a  100% 
combination  efficiency.  The  charge  multiplication  could  be 
observed  on  the  intensity  signal  of  beam  position  monitors 
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Figure  3:  Intensity  signal  of  a  beam  position  monitor  in  the 
ring  for  a  bunch  combination  by  factor  four. 


in  the  ring.  Fig.  3  shows  that  the  charge  increases  each  time 
a  new  train  of  bunches  is  combined  with  those  circulating 
in  the  ring.  The  increase  is  not  exactly  linear  due  to  pulse- 
to-pulse  variations  of  the  gun  current. 

The  evolution  of  the  time  stmcture  of  the  electron  pulse 
was  observed  with  the  streak  camera.  Fig.  4  and  5  show 
typical  images  and  corresponding  intensity  profiles. 

For  a  combination  factor  five,  the  frequency  was  changed 
according  to  Eq.  1  and  further  optimized  experimentally 
to  fs  =  2.998715  GHz.  Again,  a  100%  combination  effi¬ 
ciency  could  be  obtained. 

The  combination  performance  was  further  studied  by 
observing  the  bunch-to-bufich  variations  in  transverse  and 
longitudinal  position  [8].  Both  could  be  minimised  by  the 
optimization  procedure.  Initially  observed  bunch  spacing 
variations  are  due  to  the  non-achromatic  lattice  at  the  ob¬ 
servation  point  and  could  be  reproduced  by  a  linear  optics 
model.  These  variations  are  compensated  in  the  ejection 
region  where  the  optics  is  achromatic. 

An  alternative  method,  based  on  beam  frequency  spec¬ 
trum  analysis,  was  also  tested  to  monitor  the  frequency 
multiplication.  A  coaxial  pick-up  and  its  read-out  electron¬ 
ics  were  designed  and  mounted  in  the  ring  to  allow  compar¬ 
ison  of  the  amplitudes  of  five  harmonics  of  the  fundamental 
beam  frequency  (3  GHz)  while  combining  the  bunch  trains. 
The  commissioning  of  the  monitor  was  a  successful  proof 
of  principle  for  this  new  method  [9]. 

CONCLUSIONS 

The  bunch  frequency  multiplication  has  been  success¬ 
fully  demonstrated  at  low  charge  in  the  Preliminary  Phase 
of  CTF3.  Up  to  five  bunch  trains  were  combined  without 
any  measurable  losses. 

This  proof  of  principle  is  a  crucial  step  in  the  CLIC 
study.  In  the  next  stage  of  CTF3  [10],  the  bunch  train 
combination  will  have  to  be  shown  at  higher  bunch  charge 
(2.3  nC)  and  with  longer  pulses  (140  ns).  The  CTF3  Pre¬ 
liminary  Phase  has  been  dismantled  to  allow  the  installa¬ 
tion  of  a  new  linac  in  the  building  for  the  next  stage. 


_ )  jl  I 

Hi  iiiififUi, 


Figure  4:  Bunch  train  combination  of  factor  four,  as  ob¬ 
served  with  a  streak  camera.  The  horizontal  axis  represents 
time,  the  vertical  corresponds  to  the  horizontal  position. 
The  images  are  taken  for  one  to  four  bunch  trains  injected. 


Figure  5:  Longimdinal  intensity  profiles  for  a  multiplica¬ 
tion  factor  four.  The  horizontal  axis  is  in  ps.  The  two  im¬ 
ages  correspond  to  injections  of  one  and  four  bunch  trains. 
Amplitude  variations  are  again  due  to  bunch  current  varia¬ 
tions  already  present  in  the  linac. 
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FEEDBACK  ON  NANOSECOND  TIMESCALES  (FONT):  RESULTS  FROM 
FIRST  BEAM  TESTS  AT  THE  NLCTA  AT  SLAC 


P.N.  Burrows  (Queen  Mary,  University  of  London) 


Abstract 

We  report  on  the  first  beam  tests  of  the  Feedback  on 
Nanosecond  Timescales  (FONT)  project  to  develop  beam- 
based  intra-train  feedback  for  the  Linear  Collider. 

INTRODUCTION 

In  order  to  achieve  the  design  luminosity,  in  excess 
of  10^^/cm^/s,  the  vertical  beam  size  in  the  next  genera¬ 
tion  electron-positron  Linear  Collider  must  be  of  order  a 
nanometre:  3  nm  (J/NLC),  5  nm  (TESLA),  0.7  nm,  (CLIC). 
Any  source  of  beam  motion  which  results  in  relative  verti¬ 
cal  offsets  of  the  two  beams  at  the  interaction  point  (IP) 
at  the  nanometre  level  will  clearly  reduce  the  luminosity 
irom  the  design  value.  Maintaining  vertical  beam  overlap 
is  hence  a  particularly  challenging  goal  for  all  these  de¬ 
signs. 

In  order  to  keep  the  luminosity  LOSS  below  80%  the 
beam-beam  miss  distance  must  be  kept  below  40, 30  and  5 
nanometres  for  TESLA,  J/NLC  and  CLIC,  respectively.  In 
order  to  keep  the  loss  below  10%  the  beam  overlap  must  be 
maintained  to  better  than  Iffy,  i.e.  below  5  nanometres  in 
all  cases. 

The  many  kinds  of  potential  beam  motion  may  be  char¬ 
acterised  in  two  classes:  (i)  slow  drifts  resulting  from,  for 
example,  thermal  excursions  or  component  settling,  with 
characteristic  timescales  varying  from  seconds  to  months; 
(ii)  ground  motion  on  a  timescale  comparable  with  the  ma¬ 
chine  repetition  time.  Both  kinds  of  motion  were  experi¬ 
enced  in  the  decade-long  experience  at  the  SLAC  Linear 
Collider  (SLC),  and  were  dealt  with  by  employing  slow- 
and  fast-feedback  systems,  respectively.  Cultural  ‘noise’ 
is  expected  to  dominate  the  ground  motion  spectrum  at  fre¬ 
quencies  above  1  Hz  and,  depending  on  the  site,  could  be  at 
the  level  of  tens  of  nanometres  (r.m.s.).  If  uncorrected  this 
would  cause  an  a  priori  large  and  unknown  vertical  offset 
between  the  electron  and  positron  beams  that  is  DIFFER¬ 
ENT  on  each  successive  machine  cycle. 

Stabilisation  of  the  effects  of  ground  motion  will  hence 
be  key  to  successful  operation  of  the  future  Linear  Collider; 
without  it  the  luminosity  may  be  1-2  orders  of  magnitude 
below  the  design  value,  and  the  physics  potential  will  not 
be  realised. 

LUMINOSITY  RECOVERY 

We  are  addressing  the  design  of  an  intra-bunch-train  fast- 
feedback  (FB)  system  for  the  next-generation  Linear  Col¬ 
lider  (LC).  Other  essential  feedback  systems  that  operate 
on  longer  timescales  are  discussed  in  [1].  A  schematic 
of  our  system  is  shown  in  Figure  1.  It  comprises  a  fast 


beam  position  monitor  (BPM)  to  detect  the  relative  mis¬ 
alignment  of  the  leading  electron  (or  positron)  bunches  just 
downstream  of  the  IP,  a  feedback  loop,  and  a  fast  kicker  for 
kicking  later  positron  (or  electron)  bunches  into  collision. 
The  latency  of  the  system  should  be  small  enough  so  that 
it  is  able  to  make  several  iterative  corrections  to  the  beam 
position  within  the  duration  of  the  bunchtrain,  i.e.  the  la¬ 
tency  should  be  significantly  less  than  100  nanoseconds  for 
J/NLC  and  CLIC.  For  TESLA  the  situation  is  more  relaxed 
since  there  are  2820  bunches  separated  by  337  ns;  a  sys¬ 
tem  with  a  sub- 100-nanosecond  latency  would  therefore  be 
capable  of  bunch-to-bunch  feedback. 

We  have  written  a  simulation  package  for  the  feedback 
system,  based  on  MATLAB/Simulink,  that  incorporates  the 
beam-beam  dynamics  (based  on  GUINEAPIG)  and  the  re¬ 
sponses  of  the  hardware  components  [2].  This  allows  us 
to  study  the  feedback  operation  in  ‘closed  loop’  mode. 
We  can  also  include  arbitrary  ground-motion  model  inputs, 
and  multi-bunch  wakefield  effects,  via  simulation  of  the 
linac  and  beam  delivery  system  using  PLACET/MERLIN 
(TESLA)  or  a  modified  version  of  LIAR  (J/NLC).  We  have 
used  this  simulation  infrastructure  to  show  that  an  intra¬ 
train  FB  system  is  capable  of  recovering  more  than  80%  of 
the  design  luminosity,  which  would  otherwise  be  lost  due 
to  ground  motion. 

FONTl:  FIRST  PROTOTYPE 
INTRA-TRAIN  FEEDBACK  SYSTEM 

System  components  and  beamline  installation 

We  chose  to  develop  our  first  prototype  FONT  ex¬ 
periment  at  the  Next  Linear  Collider  Test  Accelerator 
(NLCTA)  at  SLAC  since  the  length  of  the  bunch  train  there 
can  be  made  as  long  as  170  ns,  which  is  close  to  the  270  ns 
in  the  J/NLC  design  and  the  100  ns  for  CLIC,  and  the  train 
charge  of  up  to  10^^  electrons  is  also  close  to  the  respective 
specifications.  The  time  stmcture  of  the  beam  at  NLCTA  is 
such  that  bunches  are  spaced  at  X-band  frequency,  1 1.424 
GHz,  corresponding  to  0.08  ns  between  bunches.  This  is  an 
order  of  magnitude  shorter  than  the  bunch  spacing  at  J/NLC 
(1.4  ns)  or  CLIC  (0.7  ns),  which  makes  the  test  somewhat 
more  difficult. 

The  layout  of  the  FONTl  components  in  the  NLCTA 
beamline  is  shown  in  Figure  2.  The  beam  enters  from  the 
left  and  is  first  steered  vertically  using  a  dipole  magnet  (not 
shown).  The  beam  position  is  measured  roughly  4m  down¬ 
stream  at  the  BPM.  The  position  signal  is  processed  and 
fed  to  a  kicker  that  sits  within  the  same  assembly  as  the 
dipole.  The  kicker  to  BPM  distance  was  chosen  to  match 
the  separation  between  the  IP  and  the  FONT  components 
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Figure  1:  Schematic  of  the  FONT  system,  showing  the  position  of  the  BPM  and  kicker  and  the  function  of  the  FB  loop, 
for  an  interaction  region  with  a  crossing  angle. 


in  the  real  IR  (Figure  1),  so  as  to  make  the  round-trip  signal 
propagation  time  roughly  the  same. 

We  measured  the  signal  propagation  delays  through  our 
components  and  estimated  the  latency  of  the  hardware  to 
be  33  ns,  comprising:  5  ns  (BPM  processor),  5ns  (variable- 
gain  preamplifier),  11  ns  (Normalisation/FB  circuit),  10  ns 
(kicker  amplifier)  and  2  ns  (kicker  fill  time).  We  estimated 
the  beam  flight  time  between  the  kicker  and  BPM  to  be  14 
ns,  and  the  return  signal  cable  propagation  time  to  be  18  ns. 
Thus  we  estimated  a  total  latency  of  65  ns  for  the  FONTl 
test. 

Results 

We  summarise  the  results  in  Figure  3.  The  top  plot 
shows  the  vertical  position  of  the  NLCTA  bunchtrain  as 
recorded  in  the  FONT  BPM  for  5  different  initial  positions 
that  were  set  using  the  dipole.  For  these  top  plots  the  FB 
system  was  off,  and  these  represent  the  starting  positions  of 
the  deliberately  offset  beam. 

The  middle  plot  of  Figure  3  represents  the  effect  of 
the  feed-forward  part  of  the  system,  with  the  delay  loop 
switched  off.  After  one  latency  period  the  effect  of  the 
kicker  on  the  beam  is  registered  at  the  BPM.  With  a  high 
gain  choice  the  beam  is  steered  almost  perfectly  to  nomi¬ 
nal  position,  independent  of  the  starting  position.  After  a 
further  latency  period  the  BPM  registers  a  modified  beam 
position  that  corresponds  to  the  fact  that  the  kicker  was  sup¬ 
plied  with  a  reduced  drive  signal:  the  dispersion  among  the 
5  corrected  beam  positions  hence  increases.  This  is  pre¬ 
cisely  as  designed,  since  the  result  of  the  first  kicker  correc¬ 
tion  reduces  the  position  offset  and  hence  also  the  second 
drive  signal.  After  a  further  half  latency  period  the  entire 
bunchtrain  has  passed  and  the  BPM  signal  falls  to  zero. 


The  bottom  plot  illustrates  in  addition  the  action  of  the 
delay  loop.  In  the  last  half  latency  period  before  the  bunch¬ 
train  has  passed  the  effect  of  the  delay  loop  can  be  seen: 
the  correction  applied  after  the  first  latency  period  is  pre¬ 
served  and  the  beam  remains  steered  close  to  nominal  po¬ 
sition.  Note  that  we  made  no  attempt  to  optimise  in  detail 
the  kicker  gain;  also,  the  gain  of  the  delay  loop  was  set  to 
unity  and  was  not  tuned. 

From  these  results  we  conclude  that  we  have  made  a  cor¬ 
rection  to  an  electron  beam  that  corresponds  to  1.5  passes 
through  a  feed-forward,  and  a  half-pass  through  a  delay- 
loop  feedback,  system.  The  measured  latency  is  66  ns, 
which  compares  well  with  the  a  priori  expected  value  of  65 
ns.  This  represents  a  first  proof  of  principle  that  such  a  sys¬ 
tem  can  operate  on  a  timescale  of  relevance  to  the  J/NLC 
or  CLIC  LC  designs. 

Plans 

We  propose  to  make  a  number  of  substantial  improve¬ 
ments  to  the  FONT  setup  at  NLCTA,  and  to  take  further 
data  in  2003.  These  include:  the  addition  of  two  wit¬ 
ness  BPMs;  optimised  electronics  with  reduced  latency;  re¬ 
configuration  of  beamline  components  in  order  to  shorten 
the  latency  by  about  16ns,  thereby  allowing  a  second  pass 
around  the  delay  loop  and  a  more  rigorous  test  of  the 
full  FB  concept;  building  a  new,  solid-state  amplifier;  and 
correction  of  high-frequency  position  stracture  within  the 
bunchtrain. 
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Figure  3;  Operation  of  FONT  1.  Top:  initial  beam  offsets;  middle:  with  the  delay-loop  off;  bottom:  with  the  delay  loop 
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TREATING  PATIENTS  WITH  THE  NPTC  ACCELERATOR  BASED 
PROTON  TREATMENT  FACILITY 

J.  Flanz,  T.  Delaney,  H.  Kooy,  S.  Rosenthal,  U.  Titt,  MGH-NPTC,  Boston,  MA  021 14 


Abstract 

The  Northeast  Proton  Therapy  Center  (NPTC)  at 
Massachusetts  General  Hospital  has  been  treating  patients 
with  proton  beams  since  November  2001.  Over  200 
patients  were  treated  in  the  first  year  of  operation.  This 
facility  has  replaced  the  program  at  the  Harvard  Cyclotron 
Laboratory  (HCL)  where  proton  treatments  had  been 
underway  for  over  three  decades.  Features  such  has 
rotating  Gantries  and  deeper  proton  penetration  allow  a 
wider  range  of  clinical  applications  at  this  new  facility. 
The  requirements  of  accelerator  reproducibility  and 
availability  are  perhaps  at  a  higher  level  than  those 
required  at  an  accelerator  based  physics  facility.  These 
requirements  and  the  system  performance  will  be 
highlighted  in  this  paper.  Operation  of  a  proton  cyclotron 
produced  by  industry  (Ion  Beam  Applications)  and  the 
four  operating  beam  lines  along  with  the  Gantries  and 
patient-positioning  systems  will  be  discussed.  Of 
particular  interest  in  addition  to  the  required  availability  is 
the  systematic  approach  to  safety  and  accuracy  in  the 
design  and  implementation. 


INTRODUCTION 

Proton  Therapy  has  been  described  and  used  for 
decades  due  to  the  dose  localizing  ability  of  the  proton 
Bragg  peak.  A  spread  out  Bragg  peak  is  generated  by 
combining  Bragg  peaks  of  different  proton  energies 
resulting  in  a  flat  dose  distribution  along  the  depth  of  the 
target  as  shown  in  the  figure  below. 


After  more  than  30  years  of  treatment  at  HCL  with 
good  clinical  results,  but  limited  by  the  proton  beam 
energy  and  the  lack  of  rotating  Gantries,  the  NPTC  carries 
on  this  work  expanding  to  other  treatment  sites.  Some 
examples  of  the  HCL  successes  include: 


>  Ocular  Melanomas  -  96%  10  yr.  Success 

^  Chordoma  — 98%  lOyr  success 

>  Paranasal  Sinus  -  >80%  success 

In  addition  to  the  above  head  and  neck  sites,  the  NPTC 
includes  clinical  trials  of  body  sites: 

>  Prostate 

^  Hepatocellular  Carcinoma 

>  Lung  Cancer 

>  Rectal  Carcinoma 

>  Pediatric  Tumors 

The  importance  of  dose  sparing  to  healthy  tissue  in 
preventing  side  effects  is  shown  in  the  xray  vs.  proton 
dose  distributions  for  pediatric  meduloblastoma  below: 


Figure  2:  Proton  (above)  vs.  Photon  (below)  dose 
distributions  for  spinal  treatment. 

The  ultimate  in  conformal  dose  distribution  is  achieved 
in  Intensity  Modulated  Radiotherapy.  Photon  IMRT  dose 
distributions,  in  some  cases  rival  conventional  Proton 
dose  distributions.  However,  the  physics  of  the  proton 
dose  deposition  ensures  that  IMPT  (Proton)  dose 
distributions  will  produce  less  collateral  damage. 


PROTON  BEAM  DELIVERY 
TECHNIQUES 

The  goal  of  proton  beam  delivery  is  to  spread  out  the 
beam  in  such  a  way  as  to  deliver  the  appropriate  dose 
distribution  to  the  tumor.  This  can  be  done  in  a  variety  of 
ways.  The  Passive  technique  is  so  named  due  to  the  lack 
of  modifying  the  proton  accelerator  parameters,  or  any 
direct  modification  of  the  beam  parameters.  The  Active 
technique  directly  modifies  the  beam. 

Passive  Scattering 

The  passive  scattering  method  uses  material  to  scatter 
and  spread  out  the  beam  transversely.  Various  techniques 
can  produce  an  optimized  uniform  distribution.  The 
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transverse  target  shape  is  achieved  by  using  a  collimator 
of  the  appropriate  projection. 

A  range  modulation  system  is  used  for  longitudinal 
dose  distribution.  A  wheel  of  varying  thickness  of 
material  is  spinning,  in  the  path  of  the  beam.  As  the  beam 
passes  through  this  wheel  it  loses  energy,  the  relative 
intensities  of  the  Bragg  peaks  is  determined  by  the 
angular  extent  of  this  constant  speed  spinning  wheel. 
This  intensity  can  be  adjusted  by  varying  the  beam 
intensity  as  a  function  of  the  wheel  position.  Distal  Edge 
conformation  can  also  be  accomplished. 

Active  Scanning 

The  active  beam  scanning  technique  spreads  out  the 
beam  transversely  by  manipulating  the  transverse  position 
of  the  beam  spot,  usually  with  magnets,  either  by  a 
continuous  raster  scan,  or  by  a  spot  by  spot  delivery.  In 
both  methods,  the  beam  intensity  can  be  varied  as  a 
function  of  transverse  position,  thus  achieving  Intensity 
Modulated  Proton  Therapy  (IMPT). 

The  range  is  adjusted  by  varying  the  beam  energy 
directly,  with  no  material  in  the  beam. 

THE  NPTC  EQUIPMENT 

The  NPTC  equipment  has  been  previously  described. 
The  230  MeV  cyclotron  was  manufactured  by  Ion  Beam 
Applications  s.a.  (IBA).  The  isocentric  rotating  gantry 
was  designed  by  General  Atomics  and  IBA.  The 
treatment  equipment  was  built  and  installed  in  the  Gantry, 
by  IBA,  as  shown  in  figure  3. 


Figure  3:  The  NPTC  Treatment  Room  Equipment  in  the 
Rotating  Gantry 

The  Gantry  rotates  360  degrees.  The  Patient  Positioning 
System  (PPS)  is  a  couch  with  six  motion  axes,  which 
allows  a  wide  range  of  Gantiy/PPS  angular  combinations. 

Presently,  the  passive  scattering  technique  is  used  for 
patient  treatment.  However  the  depth  dose  distribution  is 


fine  tuned  with  cyclotron  intensity  modulation.  Figure  4 
below  shows  the  desired  beam  time  distribution  for  an 
example  compared  with  the  actual  extracted  beam  current 
from  the  cyclotron. 


Figure  4:  Upper  trace  is  the  desired  beam  current  time 
distribution.  Lower  trace  is  the  achieved  distribution. 
The  period  between  pulses  it  the  range  modulator  wheel 
rotation  period. 

The  modulation  width  of  the  SOBP  is  entered  as  a 
prescription  parameter,  and  the  system  determines  the 
appropriate  equipment  values.  The  treatment  parameters 
are  continuous  over  a  large  range.  Figure  5  below  shows 
the  algorithmic  function  for  the  determination  of  the  beam 
stop  time,  and  the  measured  mod  width  determined  over  a 
period  of  months.  The  results  show  millimeter  precision. 
The  data  for  beam  range  shows  sub-millimeter 
reproducibility. 
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Figure  5:  Predicted  and  Measured  Modulation  Widths 

Tests  have  been  made  using  the  IMPT  methodology. 
Transverse  beam  distributions  are  shown  in  the  figure 
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below.  This  test  was  done  with  the  present  NPTC  system, 
although  it  is  not  ready  for  patient  treatment  yet. 


Figure  6:  Radiographic  film  showing  beam  scanning.  The 
left  image  is  a  raster  scanned  beam  using  intensity 
modulation  to  achieve  the  varying  intensities.  The  right 
image  only  uses  beam  on  and  off  states. 

Positioning 

The  relative  positioning  among  the  beam,  the  PPS  and 
other  patient  alignment  devices  (cross  hairs,  lasers)  must 
be  as  precise  as  possible  to  minimize  the  time  necessary 
for  patient  positioning.  The  PPS  has  a  load  cell  which  is 
used  to  compensate  for  PPS  deflections  under  load.  In 
addition,  the  Gantry  Nozzle  deflections  are  compensated 
for  by  appropriate  positioning  of  the  PPS. 

Figure  7a  shows  a  polaroid  superposition  of  a  beam 
spot,  an  xray  cross  hair  and  a  fiducial  attached  to  the  PPS, 
marking  the  location  of  isocenter.  Figure  7b  is  a  polaroid 
film  with  a  superposition  of  8  beams  fi'om  different 
Gantry  angles  demonstrating  the  coincidence  of  isocenter. 


Figure  7:  7a  (left)  shows  beam  spot  and  cross  hair;  7b 
right  shows  beam  from  different  Gantry  angles. 


The  NPTC  equipment  has  a  high  level  of  automation 
including: 

>  Automated  Conversion  of  Prescription  to 
Equipment  Parameters 

>  Prototype  Automated  Cyclotron  Beam  Tuning 

^  Automated  Rf  spark  detection  and  short  term 
processing 

>  Automated  Energy  Setup 

>  Automated  Beam  Steering 

>  Automated  Positioning  Accuracy  Corrections 


On  the  one  hand,  this  allows  for  speed  in  treatment 
delivery,  while  requiring  careful  planning  and 
implementation  of  safety  checks. 


SYSTEM  SAFETY 

The  safety  design  is  done  system  wide.  The  safety 
system  protects  against  mechanical  and  dose  errors.  It  is 
a  design  constraint  to  ensure  that  the  software  is  not  safety 
critical,  therefore  a  hardwired  interlock  system  with  a 
redundant  PLC  deal  with  safety  critical  functions.  The 
software  is  a  tertiary  redundancy  not  allowing  anything  to 
happen,  that  the  Safety  System  would  react  to.  In 
addition  the  software  ensures  the  accuracy  of  the 
treatment  delivery.  In  addition  to  redundant  sensors 
ensuring  that  automated  settings  are  correct,  the  system 
makes  use  of  functionally  redundant  sensors.  In  this  way, 
the  final  beam  parameters  are  continuously  monitored 
independently  of  the  devices  used  to  control  the  beam 
properties. 


Figure  8:  Example  of  a  screen  used  during  treatment 
showing  beam  parameters  monitored  in  real  time. 


Figure  8  is  an  example  of  a  screen  displaying  beam 
properties  during  treatment.  The  rightmost  plot  diplays 
the  beam  range.  The  leftmost  plots  are  the  horizontal  and 
vertical  beam  profiles  entering  the  Nozzle.  There  are 
limits  placed  on  the  beam  position  and  size  at  that 
location.  The  middle  plots  are  the  horizontal  and  vertical 
scattered  beams  upstream  of  the  isocenter.  The  profiles 
are  not  yet  tmiform  at  that  location,  however  calculation 
of  the  skewness  and  kurtosis  allow  the  system  to 
determine  if  the  beam  profile  is  appropriate  to  that  which 
will  produce  a  flat  beam  at  isocenter.  These  parameters 
are  monitored  at  100  msec  intervals  with  warning  and 
error  tolerances. 

SYSTEM  AVAILABILITY 

Figure  9  is  a  plot  of  the  number  of  fields  delivered  per 
day  for  the  first  year  of  operation.  The  ramp  up  of  patient 
treatments  is  evident.  Aside  from  the  one  gradual  dip 
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resulting  from  a  drop  in  patient  load,  the  other  major  dips 
indicate  downtime. 


Figure  9:  Plot  of  fields  per  day  for  the  first  year. 

The  original  specification  for  availability  of  the  facility 
was  95%.  However  with  20  treatment  slots  scheduled  per 
Gantry  this  allows  only  %  hour  per  day,  or  1.5  minutes 
per  treatment.  It  is  desired  to  reduce  the  time  for  the 
treatment  slot  from  30  minutes  to  20  minutes.  In  this  case 
it  will  be  necessary  for  less  than  1  minute  of  delay  per 
treatment. 

In  addition  it  is  the  case,  due  to  the  nature  of 
fractionated  radiotherapy,  and  the  statistics  of  patient 
accrual,  that  any  downtime  of  more  than  2  days,  in 
addition  to  a  weekend,  will  require  a  patient  to  go  off 
protocol.  Therefore,  it  is  very  difficult,  and  would  require 
a  sharp  reduction  in  patient  treatments  for  a  period  of 
weeks,  to  schedule  an  extended  shutdown  for 
maintenance  or  other  activities. 

Figure  10  shows  the  availability  for  the  first  year  of 
patient  treatments.  This  availability  is  calculated  by 
dividing  the  accrued  downtime  in  the  day  by  the  time 
scheduled  for  the  treatments.  Even  if  all  treatments  are 
completed  in  the  original  scheduled  time,  there  may  still 
be  downtime.  The  tolerance  in  a  Hospital  environment 
for  downtime  is  extremely  low.  Linac  based  radiotherapy 
machines  have  less  than  2%  dorvntime 


Figure  10:  Availability;  the  black  line  at  94% 


CONCLUSIONS 

Patient  treatment  has  been  underway  for  about  1  14 
years.  Patients  are  being  treated  safely  and  accurately. 
Developments  are  continuing  to  increase  patient  nmnbers 
and  develop  more  advanced  beam  delivery  techniques. 
For  the  most  part  the  system  performs  well. 

The  real  challenge  of  this  endeavor  was  not  the 
development  of  the  equipment  needed  to  produce  and 
deliver  an  appropriate  beam;  but  to  produce  this  beam  on 
demand  24  hours  a  day,  7  days  a  week  with  few 
personnel.  A  Hospital  environment  is  used  to  the 
operation  of  an  MRI  machine  or  a  LINAC,  the  closest 
relatives  to  the  technology  involved  in  Proton  Therapy. 

This  facility  is  the  result  of  over  30  years  of  the  work  of 
Medicine,  Industry  and  Physics  Laboratories.  While  the 
technology  exists  to  build  the  accelerators,  and  beamlines 
and  patient  devices,  the  experience  to  provide  the  ultimate 
automation  and  extremely  high  availability  is  not  yet 
mature.  For  a  variety  of  reasons,  it  is  not  in  the  mission  a 
laboratory  to  develop  a  completely  automated  system. 
Each  system  is  different  and  constantly  changing. 
Industry  is  good  at  developing  production  methods,  and 
making  it  possible  to  build  more  than  one  machine  and 
assemble  the  paperwork  needed  for  qualifying  and 
validating  the  equipment.  However,  without  a  clear 
direction  from  experience,  the  idea  of  fully  instrumenting 
and  fully  optimizing  the  system  equates  to  increasing 
expense.  There  is  a  low  incentive  on  the  part  of  industry 
to  build  this  capability  into  a  machine  with  the  complexity 
of  a  proton  therapy  machine. 

High  availability,  extensive  diagnostics  and  full 
automation  is  required  for  widespread  use.  The  lack  of 
this  capability  may  eventually  limit  the  number  of  such 
facilities  that  will  be  operating.  However,  the  motivation 
to  continue  to  build  these  facilities  can  easily  be  seen  in 
just  the  treatment  of  one  patient. 
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HICAT-  THE  GERMAN  HOSPITAL-BASED  LIGHT  ION  CANCER 

THERAPY  PROJECT 

HEickhoff,  R.  Bar,  A.  Dolinskii,  Th.  Haberer,  B.  Schlitt,  P.  Spiller,  U.  Weinrich 
and  the  GSI  Therapy  Project  Group,  GSI,  Darmstadt;  Germany 


.  Abstract 

Starting  in  1997  about  170  patients  have  been 
successfully  treated  by  means  of  the  intensity  controlled 
rasterscan-method  within  the  GSI  experimental  cancer 
treatment  program.  The  developments  and  experiences  of 
this  program  accompanied  by  intensive  discussions  with 
the  medical  community  led  to  a  proposal  for  a  hospital 
based  light  ion  accelerator  facility  for  the  clinic  in 
Heidelberg,  capable  to  treat  about  1000  patients  per  year 
[1] 

Major  aspects  of  the  design  are  influenced  from  the 
experiences  of  the  GSI  cancer  treatment  program;  the 
requirements  of  this  facility,  however,  exceed  in  many 
fields  those  of  this  pilot  project. 

The  main  characteristics  of  this  facility  are  the 
application  of  the  rasterscan  method  with  active  intensity- 
,  energy-,  and  beamsize-  variation  both  at  two  treatment 
places  after  horizontal  beam  tines  and  in  combination 
with  the  usage  of  an  isocentric  light  ion  gantry.  The 
accelerator  is  designed  to  accelerate  tow  LET  ions  (p,  He) 
and  high  LET  ions  (C,  O)  to  cover  the  specific  medical 
requirements. 

The  project  has  been  approved  and  contracts  with 
industrial  firms  are  in  preparation;  first  patient  treatments 
at  this  new  facility  are  foreseen  in  2006. 

INTRODUCTION 

Preparations  for  the  realization  of  a  dedicated  cancer 
therapy  facility  at  the  University  clinics  of  Heidelberg 
have  started.  The  facility  is  designed  to  treat  more  than 
1000  patients  per  year  with  the  intensity  controlled 
rasterscan  method  [2],  successfully  applied  with  carbon 
ions  to  about  170  patients  treated  since  more  than  5  years 
within  the  GSI  therapy  pilot  project  [3]. 

The  GSI  Pilot  Therapy  Project 

The  basis  of  the  accelerator  concept  for  a  dedicated 
facility  has  to  satisfy  the  demands  of  the  medical 
community  for  the  treatment  procedures.  One  of  the  key 
aspects  of  the  proposed  facility  is  the  application  of  the 
intensity  controlled  rasterscan  treatment  modality  (Fig.  1), 
which  is  a  novel  treatment  concept,  developed  at  GSI  and 
applied  with  excellent  clinical  results  during  patient 
treatments  of  the  GSI  pilot  therapy  program. 

The  basis  of  this  treatment  is,  that  the  tumor  volume 
can  be  composed  of  slices  of  different  depths.  These 
slices  are  irradiated  with  ions  of  specific  energies. 


correlated  to  the  requested  penetration  depth.  As  the 
applied  dose  is  maximal  near  the  maximal  range  of  these 
ions  ('Bragg-peak')  a  large  dose  can  be  applied  to  the 
tumor,  while  the  surrounding  tissue  is  affected  with  much 
lower  dose  rates.  By  a  sequential  treatment  of  such  slices 
with  adequate  intensities  the  requested  dose  profile  for 
the  tumor  volume  is  achieved.  (Fig.  1). 


To  cover  the  lateral  dimensions  of  the  tumor  the  ion 
beam  passes  2  fast  scanner  magnets  (Fig.  2)  that  deflect 
the  ions  both  in  horizontal  and  vertical  direction  after 
being  accelerated  to  the  requested  energy  in  a  synchrotron 
and  slowly  extracted . 

The  rasterscan  control  system  determines  the  excitation 
of  the  scanning  magnets  to  achieve  the  requested  dose 
profile,  measuring  the  number  of  ions  at  a  specific 
irradiation  point  by  means  of  ionization  chambers  and  the 
position  and  beam  width  at  each  scanning  point  by  means 
of  fast  multiwire  proportional  counters  in  front  of  the 
patient.  When  a  required  dose  limit  has  been  reached  the 
beam  extraction  is  interrupted  very  fast  (<  0.5  ms). 


MACiNK  lie  SCANNING  SYSTEM 


Fig.  2:  Rasterscan-Method 

This  method  demands  fast,  active  energy-variation  to 
achieve  different  penetration  depths  and  intensity- 
variation  to  minimize  the  treatment  time.  Within  the 
therapy  pilot  project  at  the  existing  GSI  accelerator 
complex  a  system  was  developed,  that  for  carbon  ions 
between  90  and  430  MeV/u  allows  the  reliable  request  of 
255  energy-steps  for  sequential  synchrotron  cycles. 
Beside  this  energy  variation  also  intensity-  and  beam  spot 
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variations  at  the  treatment  location  on  a  pulse  to  pulse 
basis  can  be  requested. 

During  the  treatment  periods  of  the  last  years  several 
improvements  of  the  treatment  procedure  have  been 
achieved.  The  demanded  tolerances  for  the  beam-position 
accuracy,  delivered  from  the  accelerator,  could  be  slightly 
reduced  to  about  2  mm  by  means  of  the  position  control 
loop  installed  in  the  treatment  operating  system,  keeping 
the  position  stability  at  the  treatment  place  in  the 
sub-millimeter  range. 

THE  DESIGN  OF  THE  HEIDELBERG 
FACILITY 


The  main  requirements  of  the  proposed  facility  were 
intensively  discussed  with  radiotherapists  and 
biophysicists  and  can  be  summarized  as  follows: 


treatment  both  with  low  and  high  LET-ions 
relatively  fast  change  of  ion  species 
3  treatment  areas  to  treat  a  large  number  of  patients 
integration  of  an  isocentric  gantry 


lon-species 
ion-range  (in  water) 
ion-energy 
extraction-time 
beam-diameter 
intens.  (ions/spill) 


p.  He,  C,  O 
20  -  300  mm 
50  -  430  MeV/u 
1-lOs 

4-10  mm  (hor.,  vert.) 
l*10^to4*10l0 


(dependent  upon  ion  species) 


These  requests  are  similar  to  those,  already  established 
at  the  GSI-pilot  project,  but  extended  by  additional  ion 
species. 


The  building  consists  of  3  floors;  the  accelerator 
complex  is  located  on  the  first  and  a  major  part  of  the 
additional  technical  Installations  on  the  second 
underground  level.  On  ground  level  offices  are  located  as 
well  as  the  upper  part  of  the  gantry  cave,  that  extends 
over  all  3  floors. 

The  accelerator  and  beam  transport  sections  consist  of 
the  following  subsections: 

a)  Injector  and  Low  Energy  Beamline 

For  the  ion  generation  two  parallel  ECR-sources  are 
foreseen,  giving  the  possibility  to  switch  from  proton  to 
carbon  treatment  within  a  short  time. 

The  ECR  source  is  chosen,  as  this  type  provides  a  very 
stable  intensity  over  a  long  time  without  adjustment  of  the 
source  parameters. 

The  required  particle  currents  between  80  pA  (for 
160^"*“  and  1.2  mA  for  p)  are  rather  conservative;  beam 
tests  of  this  commercially  available  source  indicate,  that 
both  the  current  and  the  requested  beam  emittance  can 
easily  be  achieved.  The  extraction  energy  of  the  ECR- 
source  is  8  keV/u. 

Within  the  low  energy  beam  line  the  requested  intensity 
reduction  down  to  0.1%  of  the  maximal  ion  intensity  will 
be  performed  by  means  of  appropriate  beam  defocusing. 


Fig.  3:  Layout  of  the  first  underground  floor,  housing  the 
accelerator  complex 

Fig.  3  shows  the  layout  of  the  first  underground  floor 
of  this  facility  with  the  accelerator  sections  and  treatment 
places. 


Fig.  4:  Layout  of  the  injector-linac 

b)  Linac,  Medium  Energy  Beam  Transport 

A  combination  of  RFQ  and  IH-linac  structure  with  a 
total  length  of  about  6  m  is  proposed  to  accelerate  the 
ions  up  to  7  MeV/u  [4].  The  RF-frequency  of  these 
struetures  is  216  MHz.  The  designed  pulse  length  is  200 
ps,  the  maximal  repetition  frequency  is  5  Hz.  The 
normalized  beam  emittance  is  about  0.8  Ttmm  mrad,  the 
momentum  spread  ±  0.15%. 

The  medium  energy  beam  transport  consists  of  a 
stripping  and  a  matching  section  to  the  synchrotron.  In 
addition,  for  multitum  injection  a  chopper  system  is 
provided  to  match  the  pulse  from  the  linac.  A  rf 
debuncher  cavity  is.  foreseen  to  reduce  the  momentum 
spread  for  the  synchrotron  injection  in  order  to  maximize 
the  multitum  injection  efficiency. 

c)  Synchrotron  [5] 

For  the  synchrotron  with  a  circumference  of  about  64 
meters  6  bending  magnets  with  a  maximum  flux  density 
of  1.53  T  are  provided.  Four  long  and  two  short  drift 
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spaces  are  available  for  the  Installation  of  injection  and 
extraction  elements  and  the  RF-cavity.  After  a  15  to  20 
turn  injection,  corresponding  to  an  injection  time  of  about 
30  |is,  the  acceleration  to  the  maximal  extraction  energy 
takes  place  within  1.0  s. 

The  synchrotron  has  a  doublet  focusing  structure  with  a 
slightly  different  ion  optical  setting  for  beam  injection 
and  extraction. 

For  slow  extraction  the  'transverse  knock  out'  method  is 
proposed  with  variable  extraction  time  between  1  and  10 
s  and  multiple  beam  extraction  at  the  same  flat  top.  The 
easy  realisation  of  multiple  beam  extraction  in  the  same 
cycle  with  this  method  gives  great  advantages  both  for 
respiration  gated  treatments  and  for  the  minimization  of 
the  treatment  duration  using  the  rasterscan  method. 

d)  High  Energy  Beam  Transport  (HEBT) 

The  high  energy  beam  transport  system  delivers  the 
slowly  extracted  beam  to  three  treatment  places.  Just  after 
the  synchrotron  extraction  section  a  fast  deflecting 
magnet  will  prohibit  the  beam  delivery  in  case  of 
interlocks. 

At  the  end  of  the  high  energy  transport  line  a  'Quality- 
Assurance'  (QA)-place  is  foreseen  for  beam  diagnosis 
purposes,  further  developments  of  the  treatment 
technique  and  biophysical  research  activities. 

e)  Treatment  Areas 

In  order  to  meet  the  demand  for  a  patient  flow  of  1000 
patients/year  three  treatment  areas  are  foreseen.  For  the 
first  and  second  area  the  beam  will  be  delivered  from  a 
horizontal  beam  line,  similar  to  that  used  at  the  GSI  pilot 
project.  The  beam  for  the  third  treatment  places  will  be 
delivered  by  a  rotating  beam  transport  system  ('isocentric 
gantry').  All  beam  lines  are  equipped  with  horizontal  and 
vertical  scanning  magnets  and  beam  dignostic  devices  for 
the  intensity  controlled  rasterscan.  The  integration  of  a 
PET  monitoring  system  in  the  gantry  beam  line  is 
proposed  as  well. 

j)  The  Gantry 

As  up  to  now  no  heavy  ion  gantry  system  has  been 
built  design  studies  of  the  mechanical  structure  were 
performed  by  the  firms  ACCEL  (in  collaboration  with 
SEAG)  and  MAN.  By  ACCEL/SEAG  a  frame  of  box 
girders  between  two  support  wheels  is  proposed,  similar 
to  that  realized  at  the  PSI  proton  gantry,  that  had  been 
constructed  by  SEAG  (see  Fig.  5). 

The  diameter  of  the  gantry  is  about  13  m;  its  total 
weight  including  all  magnets  and  Supports  is  estimated  to 
be  near  600  tons.  FEM  calculations  for  this  structure 
result  in  a  maximum  angle  dependent  deformation  of 
about  0.3  mm  ,  which  leads  to  a  beam  position  variation 
at  the  isocenter  of  about  1.5  mm,  mainly  due  to  a  steering 
of  the  last  focusing  quadrupole.  Although  reproducable 
positioning  errors  can  be  handled  by  means  of  appopriate 
steerer  settings  a  fast  on-line  position  correction  with  the 


scanner  magnets,  that  is  successfully  in  operation  at  the 
GSI  pilot  project,  will  probably  be  used  in  addition. 


16  m 


Fig.  5:  View  of  a  gantry  structure  concept  (the  upper 
structure  elements  are  excluded  to  show  the  magnet 
elements) 

In  addition  to  construction  aspects  of  the  gantry 
structure  beam  tests  of  the  last  gantry  section,  including 
the  scanner  magnets  and  the  90  degrees  bending  magnet 
in  a  horizontal  setup  have  been  performed  within  the 
HGF-strategy  funds  for  investigations  on  .Multifield 
irradiation  techniques*. 

SPECIAL  INVESTIGATIONS 

Linac-Developments 

At  the  linac  several  developments  and  investigations 
took  place  [6]. 

For  the  rf  tuning  of  the  IH  structure  a  1:2  scaled  cold 
model  have  been  fabricated  (see  Fig.  6)  and  tunig 
activities  are  performed  at  the  lAP  of  the  University 
Frankfurt  [7].  Different  tuning  methods  were  applied  to 
achieve  the  correct  resonant  frequency  of  the  structure 
and  the  requested  field  distribution.  The  tuning  methods 
comprise  'volume'-  and  'plunger'-tuning  to  reach  the 
requested  fundamental  resonant  frequency  in  all  cavity 
sections,  and  variations  of  the  lengths  and  distances  of  the 
56  small  drifttubes  to  optimize  the  field  distribution.  As  a 
result  of  these  optimization  procedures  the  detailed 
geometry  of  the  tank  insertions  could  be  defined. 

Three  long  drift  tubes  inside  the  IH-structure  are 
equipped  with  high  gradient  quadrupole  triplet  lenses, 
that  have  to  operate  at  yoke  flux  densities  close  to  2  T. 
Due  to  the  high  flux  densities  and  the  pulsed  operation  of 
these  lenses  their  yokes  have  to  be  made  of  stacked 
laminates  of  a  CoF e-alloy  (VX50)  with  a  thickness  of  0.3 
mm.  At  GSI  prototypes  of  these  very  compact  magnets 
were  produced  in  order  to  determine  optimized 
fabrication  possibilities  and  to  verify  the  high  packing 
density,  requested  due  to  the  compact  dimensions.  Within 
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magnetic  measurements  the  effective  lengths  and  the 
influence  of  the  field  overlap  was  measured  as  well  as  the 
homogeneity  of  the  gradient  and  the  requested  current  to 
achieve  the  designed  field  gradients. 


Fig.  6:  IH-Model 


The  development  and  fabrication  of  the  final  amplifier 
stage  of  the  1.4  MW  power  amplifier  had  been  started; 
this  amplifier  stage  will  be  tested  within  the  next  6 
monthes  at  GSI  and  afterwards  integrated  into  the  RF 
power  supply  system. 

The  development  and  construction  of  the  RFQ  is 
finished;  alignment-  and  rf-tests  are  under  way  at  the 
lAP;  beam  tests  with  a  proton  beam  are  foreseen  during 
the  second  half  of  2003 . 


Fig.  7:  Gantry  segment  (the  upper  yoke  of  the  90°  dipole 
and  its  mirror  plates  not  yet  installed) 


Gantry-  Test-Segment 

As  a  part  of  the  HGF-strategy  funds  for  investigations 
on  “Multifield  irradiation  techniques"  the  components  of 
the  last  gantry  beam  line  section  have  been  constructed. 
Beam-tests  with  this  section,  including  a  quadrupole 
doublet,  the  scanner  magnets  and  the  90°  bending  magnet 
in  a  horizontal  setup  have  started  in  2002.  [8] 


Fig.  7  shows  the  gantry  segment  during  the  installation 
phase  in  a  GSI  experimental  cave  with  the  90°  dipole 
magnet  in  front  and  the  scanner  magnets  and  quadrupoles 
close  to  its  entrance,  seen  from  the  isocenter  position. 

Before  the  installation  of  the  segment  took  place 
intensive  field  measurements  of  the  90°  dipole  were 
performed,  covering  both  the  field  homogeneity  and  its 
dynamic  behaviour,  that  have  also  been  subject  of 
previous  theoretical  investigations.  [9],  [10] 

The  beam  properties  of  the  gantry  segment  have  been 
tested  during  several,  short  test  periods.  These 
measurements  included  investigations  of  the  beam- 
position  and  beam  width  behaviour  over  the  requested 
maximum  irradiation  area  of  200  *  200  mm  at  different 
ion  energies.  In  addition  a  therapy-like  operation  mode 
was  established  to  check  the  quality  of  2D-  and  3D- 
scanning  at  the  isocenter,  located  about  1.8  m  behind  the 
90°  bending  magnet. 


Beam-position  ISO-center/  scanner-excitation  (hor,  vert) 
(Beam  energy  =  50  to  400  MeV/u) 


hor,  vert,  position  ISO-center  [mm] 

Fig.  8:  Measurements  of  the  beam  position  at  the 

isocenter  as  a  function  of  scanner  excitations. 

The  measurement  results  are  very  close  to  the 

predictions  and  may  be  summarized  as  follows: 

•  the  complete  irradiation  field  can  be  reached, 

•  no  field  coupling  between  the  scanner  magnets  and 
the  dipole  occured, 

•  due  to  the  edge-angle  of  the  dipole  a  stronger 
deflection  of  the  horizontal  than  for  the  vertical 
scanner  is  requested  (see  Fig.  7), 

•  for  constant  settings  the  stability  of  the  beam 
positions  is  better  than  1  mm, 

•  the  beam  position  at  constant  scanner  angles  varies 
over  the  treatment  field  in  a  range  of  about  3  mm 
(this  can  be  compensated  by  adequate  corrections  of 
the  scanner  set  values), 

•  due  to  the  edge  angle  the  beam  diameter  varies 
linerarly  over  the  treatment  field  in  a  range  of  about 
±15  % ,  which  is  tolerable, 

•  the  scanning  tests  could  be  performed  successfully 
for  small  and  large  treatment  areas. 
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After  having  finished  the  tests  of  the  gantry  segment 
the  components  will  be  dismounted  and  stored  until  the 
assembly  at  Heidelberg. 

ORGANIZATION,  STATUS 

After  completion  of  the  feasibility  study,  a  technical 
description  of  the  accelerator  complex  of  this  facility  [II] 
and  various  preplanning  activities,  in  May  2001  the 
scientific  council  of  the  federal  republic  approved  the 
project  with  total  costs  of  70  M€  .  These  total  costs  will 
be  covered  to  50  %  by  public  support  and  to  50%  by 
credit  financing  of  the  Heidelberg  clinics.  At  the  end  of 

2001  detailed  project  preparations  started  and  after  the 
positive  decision  of  the  'GroBgerate-AusschuB'  in  May 

2002  the  tender  process  for  the  accelerator  sections  was 
started  and  a  few  months  later  also  that  for  the  building. 
The  final  approval  of  the  supervisoiy  board  of  the  clinics 
took  place  in  April  2003  on  the  basis  of  the  offers  from 
Industrial  firms. 

The  Therapy  facility  will  be  constructed  and  operated 
under  the  overall  project  leadership  of  the  University 
Clinics  of  Heidelberg. 

During  the  planning  and  construction  phases  the 
various  activities  for  the  facility  are  coordinated  by  the 
'planning  group  medicine'  of  the  Clinics  institution  and 
performed  by: 

•  the  Heidelberg  building  office  for  the  design  and 
construction  of  the  building  and  the  primary 
technical  Installations, 

•  the  GSI  for  the  layout  and  construction  of  the 
accelerator  and  beam  transport  sections  including  the 
gantry  and  the  installations  of  the  rasterscan- 
treatment;  the  latter  in  cooperation  with  the  DKFZ 
(German  cancer  reserach  centre)  and  the  FZR 
(research  center  Rossendorf), 

•  The  Radiological  Clinics  for  the  preparation  of  the 
medical  installations 

For  the  construction  and  assembly  phase  GSI  will 
supervise  the  industrial  firms,  that  will  deliver  the 
systems  for  the  accelerator  facility. 

Parallel  to  the  construction  phase  the  employment  and 
training  of  operating-personel  is  planned  mainly  at  the 
GSI  facility  as  a  preparation  of  the  operation  phase.  For 
the  final  operation  a  total  staff  of  about  85  persons  is 
estimated,  including  both  the  technical  and  the  medical 
personel. 

A  rough  schedule  for  the  main  steps  of  the  project 
realization  is  given  in  the  following  table: 


Table  1:  Planned  Schedule 


Time 

(Year) 

activities 

2003 

Contracts  with  suppliers  for  the 
accelerator-systems  and  building 

2005 

assembly  of  the  accel.-systems 

2006 

overall  commissioning 

2006 

patient  treatments  (hor.  places) 

2007 

patient  treatments  (gantry) 
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STATUS  OF  THE  MIDWEST  PROTON  RADIOTHERAPY  INSTITUTE 


V.  Anferov,  J.  Collins,  D.L.  Friesel,  W.  P.  Jones,  J.  Katuin,  S.B.  Klein,  &  A.N.  Schreuder 
Indiana  University  Cyclotron  Facility,  Bloomington,  IN  47408,  USA 


Abstract 

Phase  I  construction  of  the  Indiana  University  Midwest 
Proton  Radiotherapy  Institute  (MPRI),  including  many 
reliability  upgrades  to  the  lUCF  k220  cyclotron, 
construction  of  a  variable  energy  proton  Beam  Delivery 
System  (BDS),  a  horizontal  beam  Treatment  Room  with  a 
Large  Field  Nozzle,  and  a  Medical  Clinic,  is  now 
complete.  Commissioning  of  the  BDS  and  the  Large  Field 
Nozzle  is  underway.  Patient  Treatment  with  this  nozzle  is 
scheduled  to  begin  in  late  July  2003.  This  contribution 
discusses  the  unique  features  of  the  MPRI  Cancer 
Treatment  facility  and  the  present  Phase  I  commissioning 
results.  In  addition,  two  360**  rotating  gantry  systems  were 
purchased  from  IBA  in  December  2002  for  Phase  11 
construction.  The  first  gantry  is  scheduled  for  delivery  in 
July  2003.  The  Phase  11  construction  and  installation 
schedule  will  also  be  briefly  presented. 

MPRI  FACILITY  DESCRIPTION 

The  MPRI  Beam  Production  and  Delivery  Systems 
consist  of  the  lUCF  K220  separated  sector  cyclotrons  [1], 
a  57m,  235  MeV  proton  beam  ‘Trunk  Line”  to  a  Beam 
Dump,  and  three  doubly  achromatic  Energy  Selection 
beam  lines  (ES„)  to  three  Proton  Beam  Treatment  Rooms 
(TR„),  as  shown  in  Fig.l  [2]  [3].  A  constant  206.5  MeV 
proton  beam  from  the  cyclotrons  is  delivered  to  the  Beam 
Dump  via  the  Trunk  Line  utilizing  solid  pole  magnets.  A 
Multi-Layer  Faraday  Cup  (MLFC)  in  the  Dump  is  used  to 
monitor  and  maintain  the  beam  energy  and  intensity  from 
the  cyclotron  [4].  The  proton  energy  in  the  Trunk  Line  is 
maintained  at  206.5  ±  0.3  MeV  as  measured  on  the  Dump 
MLFC.  where  the  measured  enerev  snread  is  ±  200  keV. 


Fast  ferrite  magnets  (3ms  rise/fall  time)  in  the  Trunk 
Line  are  used  to  kick  206.5  MeV  beam  into  the  ES  lines 
on  demand.  The  ES  line  optics  is  designed  as  a  double 
spectrometer  to  optimize  momentum  selection  and  beam 
transmission  and  to  minimize  neutron  background  in  TRl 
from  the  degrader.  Proton  beam  energy,  energy  spread 
and  intensity  delivered  to  the  Treatment  Rooms  are 
independently  adjusted  and  verified  in  the  ES  lines  using 
continuously  variable  double  wedge  Beryllium  energy 
degraders,  momentum  band  selection  slits,  MLFCs  and 
non-destructive  beam  diagnostics.  The  ES  line  magnets 
are  laminated  to  facilitate  rapid  beam  energy  changes. 
Figure  2  shows  a  detailed  layout  of  the  ESI  beam  line. 

The  ES  lines  transmit  65  to  206.5  MeV  protons  (3.5  to 
26  cm  range  in  water)  to  the  three  Treatment  Rooms.  TRl 
has  two  fixed  horizontal  treatment  Nozzle  systems,  a 
Large  Field  Nozzle  (up  to  30  cm  diameter,  beam  right) 
and  an  Eye  Line  Nozzle  (beam  Left).  The  nozzles  are 
accessed  by  a  ±10“  switch  magnet  located  at  the  end  of 
ESI.  The  Large  Field  general  purpose  Nozzle  is  complete. 
An  Eye  Line  Nozzle  previously  used  at  lUCF  will  be 
installed  when  patient  needs  require  later  in  2003  [5]. 

The  ES2  and  ES3  beam  lines  deliver  similar  beam  to 
Treatment  Rooms  TR2  and  TR3,  each  containing  an  IBA 
360“-rotating  Gantry.  All  ES  lines  are  identical  in  design, 
except  that  ES2  and  ES3  do  not  require  the  switch 
magnet.  The  MPRI  BDS  is  designed  to  deliver  dedicated 
beam  to  one  Treatment  Room  at  a  time  for  patient 
treatment.  A  fourth  Ferrite  magnet,  located  down  stream 
of  ES3,  is  used  to  deliver  beam  to  two  general-purpose 
research  rooms  (not  show  in  Fig.  1)  when  beam  is  not 
needed  for  patient  treatment. 


Figure  1.  The  MPRI  Facility  showing  the  lUCF  cyclotrons.  Trunk  and  ES  lines.  Treatment  Rooms  and  Oinical  Facilties. 
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Figure  3.  Transmission  through  ESI  vs.  range  in  water. 

delivery  and  treatment  control  system  tests  and  validation. 
Water  Phantom  measurements  of  the  momentum  band  slit 
effects  on  the  width  Of  pristine  peaks  for  various  proton 
energies  are  shown  in  Fig.  4. 


Figure  2.  Layout  of  Energy  Selection  Beam  line  (ESI) 

PHASE  I  CONSTRUCTION  STATUS 

Some  MPRI  Phase  I  beam  commissioning  and  system 
validation  results  are  described  below. 

Beam  Production  System  Upgrades 

Upgrades  to  the  venerable  lUCF  cyclotrons  (new  water, 
vacuum,  and  computer  control  systems,  ac  and  dc  power 
upgrades,  etc)  needed  to  achieve  the  95%  operational 
reliability  specified  by  MPRI  [2]  have  been  completed.  A 
historically  major  source  of  breakdown,  the  600  kV 
Cockroft- Walton  pre-accelerator,  is  now  being  replaced  by 
a  1  mA  ECR  proton  ion  source,  a  750  keV  RFQ  pre¬ 
injector  and  a  new  cyclotron  injection  system  designed  to 
accept  the  higher  injection  energy  [6].  The  RFQ,  built  by 
AccSys  Technology,  Inc  [7],  and  the  in-house  designed 
ECR  source  and  750  keV  transport  line  were  tested  off¬ 
line  at  lUCF.  Stable  operation  with  0.6  mA  peak  intensity 
proton  beam  at  750  keV  was  demonstrated,  as  reported 
elsewhere  in  these  proceedings  [8].  Installation  of  the  pre¬ 
injector  on  the  cyclotron  began  in  April  2003  and  final 
beam  commissioning  begins  in  May.  Even  without  the 
upgrades,  recent  cyclotron  operations  at  206.5  MeV  for 
ESI  and  TRl  commissioning  were  reliable  enough  to 
meet  MPRI  performance  requirements. 

Trunk  and  ES  Line  Beam  Commissioning 

The  doubly  achromatic,  focusing  and  transmission 
properties  of  the  Trunk  and  ESI  lines  are  performing  as 
designed  [9].  Transmission  through  the  ESI  line  for 
ranges  in  water  from  3.5  to  26  cm  is  shown  in  Fig  3.  The 
transmission  of  protons  degraded  to  4  cm  of  range  in 
water  is  6.4%,  as  predicted,  due  in  part  to  ESl’s  short 
length  (11m),  large  acceptance  (307[  mm-mrad  geom.), 
and  the  use  of  Beryllium  as  the  degrader  material. 
Calibration  of  the  ESI  line  tune,  slits  and  MLFC  using  a 
water  phantom  at  the  isocenter  of  the  Large  Field  Nozzle 
is  complete  and  was  used  for  Nozzle  hardware,  dose 


Figure  4.  Pristine  peak  width  vs.  incident  beam  energy. 
Curve  D  shows  the  effect  of  the  Momentum  band  slits. 

Treatment  Room  1  Commissioning 

The  MPRI  fixed  beam  treatment  room  (TRl),  shown  in 
figure  5,  contains  two  horizontal  beam-line  Nozzles;  one 
for  larger  fields  (2.5-30cm  diameter)  and  high  energy 
(Large  Field  Line)  and  another  for  small  fields  (l-3.5cm 
diameter)  and  lower  energy  treatments  (Eye  Line).  Beam 
is  delivered  to  only  one  Nozzle  system  at  a  time  via  the 
±10°  switch  magnet.  Active  components  of  the  Large 
Field  Nozzle,  shown  in  red,  are  both  passive  and  active 
(wobbler  magnet)  beam  spreading  systems,  collimators, 
four  segmented  and  parallel  plate  ion  chambers,  and  an 
IBA  Snout  system.  Two  industrial  robots  are  used  in  TRL 
A  Motoman  UP200  robot  is  used  for  precise  patient 
positioning  and  a  UP20  robot  is  use  to  position  digital  X- 
ray  radiography  panels  for  patient  alignment  [10]. 

Examples  of  proton  beam  Penumbra  vs.  energy  and  a 
full  energy  Spread  Out  Bragg  Peak  using  the  passive 
scattering  system  for  a  12  cm  field  are  shown  in  Fig.  6 
and  7  respectively.  Both  measurements  are  well  within  the 
precision  prescribed  for  the  Large  Field  Nozzle  in  the 
MPRI  Clinical  Performance  Requirements. 
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Figure  6,  The  effect  of  a  lower  incident  beam  energy  on 
the  proton  beam  penumbra. 


Depth  in  water  (cm) 

Figure  7,  A  typical  Spread  Out  Bragg  Peak  (SOBP) 


PHASE  II  CONSTRUCTION 

MPRI  Phase  II  construction,  which  includes  installation 
of  the  ES2  and  ESS  transport  lines  to  Treatment  Rooms 
TR2  and  TR3  (Fig.  1),  is  underway.  Two  IBA  gantries, 
purchased  in  December  2002,  were  selected  for  the 
Treatment  Rooms  on  the  combined  basis  of  cost, 
operational  efficiency  and  compatibility  with  the  MPRI 
BDS.  The  ES  lines  were  designed  to  provide  a  doubly 
achromatic  round  beam  at  the  entrance  of  the  gantry 
transport  line  that  is  well  matched  to  the  IBA  gantry  beam 
transport  design.  The  gantries  were  purchased  without  the 
IBA  nozzle  or  patient  positioning  and  control  systems. 
MPRI  will  use  nozzle  and  patient  positioning  systems 
similar  to  those  designed  at  lUCF  and  installed  on  the 
Large  Field  line  in  TRl.  The  IBA  Gantry  motion  and 
beam  transport  elements  will  be  interface  to  our  in-house 
Treatment  control  system.  Delivery  of  the  TR2  and  TR3 
Gantries  is  scheduled  for  July  2003  and  July  2004 
respectively. 

The  40’x29’xl2’  deep  gantry  pits  were  completed  in 
2001.  Detailed  pit  modifications  specific  to  the  IBA 
gantries  are  underway  and  installation  of  gantry  utility 
systems  (water,  power,  etc)  for  both  TR2  and  TR3  will 
begin  in  June.  Installation  of  the  TR2  gantry  rotating 
structure  by  lUCF  personnel  will  start  in  July  with 
guidance  from  IBA  consulting  engineers.  Patient 
treatment  is  scheduled  to  begin  in  TR2  and  TR3  in  July 
2004  and  September  2005  respectively. 

CONCLUSIONS 

MPRI  Phase  I  and  n  construction  are  proceeding  on  a 
fast  track  nearly  as  scheduled.  Final  patient  treatment 
beam  delivery,  nozzle,  dose  monitoring  and  treatment 
control  system  test  and  validation  will  commence  in  June. 
Request  for  FDA  510k  approval  of  the  MPRI  clinical 
facilities  is  also  being  actively  pursued.  Support  for  this 
work  is  provided  by  the  State  of  Indiana,  Indiana 
University,  Clarion  Health,  the  DOE  (Grant  No.  DE-FG- 
02000ER62966)  and  the  NIH  (Grant  No.  C06  RR17407- 
01) 
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Abstract 

A  high-magnification  high-resolution  option  is  desirable 
for  the  study  of  small-scale  dynamic  experiments  at  the 
LANSCE  800-MeV  Proton  Radiography  Facility. 
Magnification  is  achievable  by  either  repowering  the 
existing  imaging-lens  quadrupoles,  using  new  high- 
gradient  quadrupoles,  or  some  hybrid  combination  of  the 
two.  The  large  and  complex  parameter  space  of  magnetic 
optics  solutions  was  studied  extensively  with  the  3rd  oido- 
optics  code  MARYLIE.  Some  of  the  hybrid  solutions 
achieve  magnifications  up  to  150,  but  at  the  price  of  high 
chromatic  aberrations.  In  the  end,  a  design  using  only  new 
high-gradient  permanent-magnet  quadmpoles  was  selected 
and  built  at  the  design  parameters  that  minimized 
chromatic  aberration  per  unit  magnification.  The  design 
has  a  moderate  magnification  of  7.1  and  15.8  at  the  two 
existing  image  stations.  First-beam  commissioning 
results  exceeded  expectations.  Image  contrast  is  produced 
by  multiple  Coulomb  scattering  in  the  thin  objects.  Early 
experimental  objectives  are  to  optimize  this  contrast  by 
collimator  design  and  by  adjusting  the  correlation  in  the 
illuminating  beam,  as  well  as  to  characterize  the  (quite 
high)  resolution  limits  of  the  system. 

THE  PROTON  RADIOGRAPHY 
MICROSCOPE 

Proton  radiography  is  a  new  technology  for  imaging  the 
interior  of  objects  that  can  be  penetrated  by  high-energy 
protons.  A  broad  beam  of  high-energy  protons  shines 
through  the  object,  and  suffers  path-dependent  attenuation 
by  collisions  with  the  nuclei.  It  also  suffers  path- 
dependent  spread  in  angle  by  multiple  Coulomb  scattering 
(MCS).  The  protons  exit  the  object  with  an  assortment  of 
energies  due  to  the  losses  on  the  varying  paths  through 
the  object.  The  net  effect  is  that  an  image  is  imprinted  in 
the  exit  beam  by  its  passage  through  the  object.  A 
magnetic  lens  after  the  object  extracts  the  implicit  image 
by  refocusing  the  varied  scattering  angles  onto  a  detector 
plane,  where  it  is  recorded  by  a  set  of  gated  TV  cameras. 

The  pRAD  System  at  LANSCE 
The  operational  proton  radiography  facility  at  LANSCE 
contains  a  diffuser  to  spread  the  incident  beam,  an 
illuminator  matching  section  to  tailor  its  phase  space 
distribution,  and  a  monitor  lens  to  copy  this  distribution 
onto  the  object.  There  are  two  consecutive  magnetic 
imaging  lenses  after  the  object,  each  with  its  own  image 
plane,  called  ILl  and  IL2.  Each  lens  is  made  of  two 
identical  cells  containing  a  symmetric  doublet  of  12Q24 
quadrupoles.  The  magnification  is  unity.  All  eight  quads 


(named  A  through  H  in  Fig.  1)  have  the  same  5.7  T/m 
gradient,  with  alternating  signs.  The  proton-microscope 
project  was  aimed  at  improving  the  resolution  of  the 
images  for  small  objects,  with  the  goal  of  studying 
phenomena  on  a  scale  of  some  tens  of  microns.  The  new 
equipment  was  to  fit  smoothly  into  the  operations  at 
LANSCE,  and  use  as  much  of  the  existing  equipment 
(e.g.  the  camera  systems)  as  possible. 


Figure  1  LANSCE  pRAD  Identity  Lens  Configuration 


Image  Resolution 

The  overall  resolution  of  the  system  is  determined  by 
the  performance  of  the  digital  TV  readout  cameras,  by  the 
scattering  of  light  in  the  detector  fluor,  and  by  the 
performance  of  the  magnetic  lens.  Magnetic  magnification 
can  spread  the  image  over  enough  pixels  to  overcome  the 
limitations  of  the  optical  system.  The  magnetic  lens  maps 
the  phase  space  coordinates  (xq.^o)  of  the  proton  exiting 
the  object  to  final  position  xy.  =  +  J?j20o  on  the 

detector  plane.  Focus  means  the  final  position  is 
independent  of  the  initial  angle  0q  .  This  occurs  at  the 
momentum  where  Rj2  =  0.  Protons  with  other  momenta 
are  out  of  focus.  To  first  order  in  A,  their  position  on  the 
detector  plane  is 

■*/  ~  Mxq  +  A(/?j  j'  X(j  -f  Rj2'  0q) 
where  Af  =  Rjj  is  the  magnification,  A  =  5plp  is  the 
deviation  from  the  focus  momentum,  and  the  primes 
indicate  derivatives  with  respect  to  A.  The  first  thing  to 
note  is  that  rays  with  the  correlation  eQ=wxQ,  where 
w  =  -Rj  j'  /  Rj2'  are  achromatic  in  that  their  final  position 
is  independent  of  their  energy.  An  upstream  matching 
section  imposes  this  achromatic  correlation  on  the 
illuminating  beam,  so  a  ray  exiting  the  object  with  MCS 
angle  tp  has  an  initial  trajectory  angle  6q  =  wxQ+(p.  Its 
final  position  is  therefore  Xf  =  MxQ+C(pA,  where 
Cs  Rj2'  is  called  the  chromatic  aberration  coefficient  of 
the  lens.  The  position  error  in  object  coordinates  for  an 
off-energy  proton  is  therefore  -C<pAtM.  An  appropriate 
average  over  the  distribution  of  scattering  angles  and 
etiergy  shifts  gives  the  resolution  spot  size  associated 
with  a  given  path  through  the  object.  This  makes 
chromatic  aberration  per  unit  magnification  the  proper 
measure  of  microscope  resolution.  The  goal  is  to  improve 
on  the  C/M  =  12  meters  chromatic  aberration  coefficient 
of  the  Identity  lens. 
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Fourier  Points 

The  position  at  longitudinal  location  z  of  the  general 
scattered  ray  with  initial  coordinates  (xq,wxq+(p)  is 
+  +  where  S(z)  and  C(z)  are  the 

usual  sinelike  and  cosinelike  basis  rays  of  magnetic 
optics.  The  term  in  square  brackets  is  the  achromatic  basis 
ray.  The  Fourier  point  is  its  zero  crossing,  where  the 
trajectory  position  depends  only  on  the  MCS  angle  (p, 
independent  of  the  initial  position.  A  collimator  at  this 
location  can  attenuate  the  scattered  rays,  providing  image 
contrast  by  darkening  the  final  image  pixels  in  the 
locations  containing  the  material  causing  the  scattering. 
The  location  and  strength  of  the  Fourier  point  is  an 
important  design  consideration.  It  depends  on  the 
correlation  coefficient  w  imposed  by  the  matching 
section,  and  is  not  necessarily  the  same  in  both  planes. 
Collimators  can  be  optimized  for  the  range  of  object  areal 
densities  to  be  studied. 

Field-qf-View 

The  expected  mean  scattering  angle  and  energy  shift 
depend  on  the  size  and  composition  of  the  object.  The 
size  of  possible  objects  is  limited  by  the  field-of-view 
(FoV)  of  the  lens,  which  is  in  turn  limited  by  either  the 
size  of  the  beam  pipe  or  the  size  of  the  detector.  A  square 
detector  of  dimension  L  x  L  can  record  an  FoV  of 
dimension  L/M.  The  thickness  of  the  possible  object  is 
presumably  about  the  same.  We  may  estimate  the  nuclear 
attenuation  in  pathlength  z  through  an  object  as 
exp-(zp/A./)  ,  where  p  is  the  density,  and  Xj  is  the 
nuclear  interaction  length  in  g/cm^  The  standard  detector 
at  LANSCE  is  a  5  glass  fluor,  so  L=12.7  cm.  With  a 
magnification  of  12.7,  the  FoV  would  be  1  cm.  Higher 
magnification  leads  to  a  smaller  FOV,  suited  for  studying 
smaller  objects.  Note  that  nuclear  attenuation  in  1  cm  of 
Cu,  for  example,  is  only  1%.  The  RMS  polar  MCS  angle 
is  13  mrad,  and  the  energy  loss  is  12.6  MeV.  The  MCS 
angle  scales  as  the  square  root  of  the  path  length  divided 
by  the  radiation  length. 

DESIGN  OPTIONS 

We  seek  to  modify  the  operational  system  to  achieve 
higher  magnification  and  lower  specific  chromatics.  The 
three  basic  alternatives  are  to  repower  the  existing  big 
quadrupoles,  to  build  a  new  high-gradient  small  lens  with 
permanent-magnet  quadrupoles  (PMQs),  or  to  build  a 
hybrid  system  using  both.  In  all  cases,  the  three  design 
constraints  are  focus  (/;j2  =  R34  =  0),  and  equal 
magnification  ( Rn  =  ±R33)  in  both  planes. 

Repowered  Big  Quadrupoles 

Three  constraints  for  eight  quadrupoles  allows  a  large 
space  of  allowed  solutions.  A  methodical  survey  of  this 
parameter  space  was  undertaken,  including  analytic 
studies  in  the  thin-lens  approximation.  The  simplest 
example  would  be  searching  for  a  magnifier  solution  for  a 
single  four-quad  lens.  One  of  the  quads  could  be  set 
arbitrarily,  and  the  other  three  varied  to  fit  the  design 
constraints.  The  scanning-the-fit  procedure  in  the  S'**  order 


design  code  MARYLIE  was  used  to  compute  the  relative 
chromatic  aberration  for  all  possible  values  of  the  fourth 
quad.  The  result  was  a  peak  magnification  of  M=2.265  on 
ILl,  with  relative  chromatics  of  3  m  in  the  x-plane,  and 
19  m  in  the  y-plane.  A  compound  lens  with  two  of  these 
in  succession  results  in  squaring  the  magnification  to 
M=5.131  on  IL2,  with  chromatics  of  3.5  and  22.7. 
Another  four  quad  solution  in  the  pattern  ABOOEOOH  (0 
marks  a  quad  that  is  turned  off)  results  in  peak 
magnification  of  M=5.82  and  chromatics  of  2.6  and  15.5. 
A  pattern  of  the  form  ABCBAGHO,  with  B=-A,  went  to 
a  magnification  of  M=33,  with  chromatics  of  7.07  and 
32.25.  Here  quad  H  was  scanned,  and  quads  A,C,and  G 
adjusted  to  fit  the  3  design  constraints.  Fig.  2  shows  the 
relative  chromatic  aberration  in  both  planes  as  a  function 
of  magnification  for  the  later  two  designs.  In  all  cases  the 
relative  chromatics  are  worse  in  at  least  one  plane  than  the 
original  Identity  lens  . 


Figure  2.  Parametric  curves  of  relative  chromatic 
aberration  vs.  magnification  for  5  cases 


High-Gradient  PMQs 


A  Russian  quadruplet  has  an  inner  doublet  inside  an 
outer  doublet  of  opposite  sign  and  half  the  strength.  This 
type  of  lens  made  with  high  gradient  PMQs  works  very 
well.  The  other  big  quadrupoles  are  turned  off,  and  merely 
serve  as  a  drift  space.  The  proton  trajectories  from  the 
.  object  to  the  first  image  plane  are  shown  in  Fig  3. 
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The  magnification  depends  on  the  distance  from  the 
object  to  the  first  quadrupole.  The  performance  curves  in 
Fig.  2  show  an  optimum  at  a  focal  standoff  of  40  cm, 
which  was  chosen  for  the  actual  device.  Since  the  strength 
of  the  quadmpoles  is  fixed,  the  lens  must  be  focused  by 
moving  them.  The  rays  in  fig  3  are  color  coded  by 
scattering  angle  in  3  milliradian  increments,  showing  the 
Fourier  point  between  the  second  and  third  quadmpoles. 

Hybrid  Systems 

The  PMQ  lens  was  designed  to  operate  with  the  6  big 
downstream  quads  turned  off  Solutions  with  the 
downstream  quads  turned  on,  however,  can  produce  very 
high  magnifications  of  over  100.  The  FOV  is 
correspondingly  small,  while  the  relative  aberrations  are 
somewhat  worse  than  with  the  PMQ  lens  alone.  This  may 
be  a  useful  configuration  for  some  experiments. 


CONSTRUCTION  AND  OPERATION 

The  design  iterations  led  to  the  final  choice  of  1.5  inch 
thick  PMQ  segments,  with  an  inner  diameter  of  1.375 
inches  and  an  outer  diameter  of  4.0  inches.  With  the  1.2  T 
remnant  field  of  NeFeB,  the  gradient  is  71.6  T/m.  The 
inner  of  quadmpoles  are  assembled  from  4  segments  each, 
so  are  6  inches  long.  The  outer  half-strength  pair  are  3 
inches  long,  and  made  of  2  segments  each.  The  multipole 
error  tolerances  were  determined  in  a  study  of  their  effect 
on  image  quality. 


Figure  4.  A  PMQ  segment. 

The  PMQs  were  made  by  Aster  Corporation  in  1.5  inch 
thick  segments  shown  in  fig  3.  The  segments  woe 
measured  when  received,  and  were  well  within  design 
specifications.  The  measured  gradient  averaged  72.83  T/m. 
The  microscope  is  mounted  in  the  area  C  beamline  in  the 
location  normally  occupied  by  the  first  two  large 
quadmpoles,  which  have  been  mounted  on  rails  to 
facilitate  the  configuation  change  (fig  5).  The  quads  slide 
over  the  1.25”  stainless  steel  beam  pipe.  Their  position 
may  be  adjusted  from  the  control  room  by  actuators  to 
focus  the  lens  on  either  ILl  with  a  magnification  of  7.2, 
or  IL2  with  a  magnification  of  15.8.  The  matching 
section  was  set  to  illuminate  the  object  with  the 
achromatic  rays  demanded  by  the  lens.  This  placed  the 
Fourier  points  about  12  mm  apart  and  6  cm  before  the 
entrance  of  the  third  quad.  A  tungsten  collimator  with  a 
simple  5/32”  aperture  was  placed  in  the  pipe  at  this 
location. 


Figure  5.  The  microscope  in  the  beamline.  Large  red 
objects  in  background  are  big  quads  A  and  B. 


First  Beam  Test 

The  first  test  object  used  was  a  small  stainless  steel  plate 
with  the  word  LANL  milled  in  it  in  7  mm  high  letters. 


Figure.  6.  First  test  object.  Finest  tick  marks  on  mler 
are  1/32  inch.  Proton  radiograph  on  right 
At  first  beam  a  good  picture  was  obtained  with  the 
nominal  design  settings.  After  some  tuning,  fig  6  was 
obtained. 


Figure.  7  Profile  through  edge  of  a  letter 
Fig.  7  shows  a  profile  through  the  edge  of  a  letter. 
Analysis  of  this  profile  indicates  an  overall  resolution  of 
about  17  microns,  including  the  optical  system.  A  finer 
test  object  is  needed  to  fully  characterize  the  magnetic 
resolution  of  the  system,  which  is  expected  to  be 
somewhat  better. 
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Abstract 

The  ultimate  goal  of  this  project  is  to  identify  and 
investigate  an  exploration  architecture  that  would  allow  a 
light-weight  instrument  package  to  be  sent  to  another 
stellar  system.  Due  to  the  difficulty  inherent  in  an 
interstellar  mission,  we  have  examined  an  architecture  for 
a  less  demanding  mission;  sending  a  probe  to  the  Kuiper 
Belt  in  a  transit  time  of  10  years.  Missions  to  deep  space 
will  require  specific  impulses  greater  than  6000  seconds 
in  order  to  accomplish  the  mission  within  the  career 
lifetime  of  an  individual.  Only  two  technologies  available 
to  mankind  offer  such  performance;  fusion  and  antimatter. 
Fusion  has  proven  unattainable  despite  forty  years  of 
research  and  billion  of  dollars.  Antimatter,  alternatively, 
reacts  -with  uranium  98%  of  the  time  in  a  well-described 
manner.  However,  development  of  a  suitable  propulsion 
system  based  on  antimatter  has  not  been  shown  until  now. 
Our  system  analysis  indicates  that  a  10  kg  instrument 
payload  could  be  sent  to  250  AU  in  10  years  using  30 
milligrams  of  antihydrogen.  In  addition,  preliminary 
calculations  also  show  that  17  grams  of  antihydrogen 
could  send  a  similar  probe  to  the  next  star.  Alpha 
Centauri,  in  40  years.  We  have  designed  a  very 
straightforward  system  that  will  produce  a  variable 
specific  impulse  with  a  maximum  of  near  one  million 
seconds.  The  concept  is  one  that  can  be  throttled,  that  can 
be  steered,  and  that  can  be  demonstrated  within  the  next 
two  years.  In  this  paper  we  identify  the  components  of 
the  system  architecture  that  will  be  needed  to  perform  a 
mission  to  the  Kuiper  Belt. 

VISION 

Sometime  around  20  years  in  the  future,  humanity  will 
want  to  send  unmanned  scientific  spacecraft  outside  of 
the  solar  system  to  the  hydrogen  wall  at  the  interface 
between  the  heliosphere  and  interstellar  medium  [1].  At 
approximately  the  same  distance  from  the  sun  are  the 
gravitation  lens  focal  point  of  the  sim  and  the  low-density 
Kuiper  comet  belt.  Approximately  lO-lOOx  further  out  is 
the  Oort  cloud,  and  yet  another  lO-lOOx  further  away  is 
our  nearest  stellar  neighbor.  Alpha  Centauri,  that  is 
4,3  light-years  away.  Figure  1  contains  a  NASA/JPL 
slide  showing  these  features  on  a  logarithmic  axis. 

Based  on  current  trends,  the  scientific  instrumentation 
for  such  an  unmanned  probe  is  estimated  to  have  a  mass 
of  approximately  10  kg.  This  leaves  the  spacecraft 
designers  with  a  goal  of  creating  propulsion  and  power 
systems  that  have  masses  comparable  to  the 
instrumentation.  Based  on  this  study,  a  roadmap  toward 
the  design  and  implementation  of  low  mass  systems  is 
conceivable  and,  given  20  years,  practical.  In  fact,  the 
first  stage  of  funding  required  to  develop  this  idea  has 
started. 


SCALE  OF  THE  HELIOSPHERE  AND  THE 

LOCAL  INTERSTELLAR  MEDIUM  JPL 


(UewaULiMft) 


Figure  1;  Solar  system  and  interstellar  features  of  intense 
interest  for  future  scientific  unmanned  space  missions. 

SPACECRAFT  OVERVIEW 

Figure  1  contains  a  schematic  representation  of  the 
proposed  antimatter  driven  spacecraft  [2].  There  are  four 
basic  sections  of  the  spacecraft,  with  the  10  kg 
instrumentation  package  at  the  rear,  either  attached  rigidly 
to  the  body  of  the  spacecraft  or  towed  via  tether  a  few 
kilometers  behind  and  away  firom  the  pion  and  neutron 
flux  firom  annihilations  and  fissions  occurring  at  the  sail 
in  the  front  of  the  spacecraft. 


Figure  2:  Proposed  antimatter  driven  spacecraft.  The 
primary  subsystems  are  (1)  a  uranium  coated  carbon  sail, 
(2)  solid  H2bar  crystal  storage  units,  (3)  an  antiproton 
driven  electrical  power  supply,  and  (4)  a  10  kg  instmment 
package. 

The  basic  nuclear  physics  behind  this  concept  is  the 
fact  that  antimatter  incident  on  the  surface  of  an  uranium 
foil  has  a  98%  probability  of  inducing  a  fission  event  [3]. 
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In  undergoing  fission  it  is  found  that  two  fragments  of 
approximately  palladium-111  are  emitted  back-to-back 
with  a  total  energy  of  approximately  190  MeV.  The 
velocity  of  the  fission  products  is  1.39x10’  m/s  and  the 
mass  is  1.85x10  kg/atom.  This  velocity  would  equate  to 
a  specific  impulse  of  1.4  million  seconds.  In  addition, 
there  are  numerous  penetrating  particles  emitted  such  as 
high  energy  neutrons,  gamma  rays,  and  pions. 

Imagine  a  cloud  of  antihydrogen  drifting  onto  a  thin 
uranium  foil.  On  average,  half  of  the  fission  fragments 
will  have  trajectories  outside  of  the  foil.  These  fragments 
do  nothing  other  than  carry  away  kinetic  energy  and 
reduce  the  overall  energy  efficiency  of  the  concept.  On 
the  other  hand,  the  other  fission  fragment  enters  the  foil 
and  is  stopped  via  dE/dx.  Because  the  incoming  fission 
fragment  can  have  any  angle  within  In  steradians,  the 
forward  momentum  transfer  is  on  average  half  of  the  per- 
fragment  momentum.  To  stop  a  fission  fragment 
propagating  normal  to  the  foil  surface,  the  surface  would 
have  to  be  approximately  5.5  microns  thick.  In  principle 
any  material  can  be  used  as  a  backing  layer  to  the 
uranium  foil  to  provide  this  stopping  power.  Note  that 
toward  the  end  of  life  of  the  foil,  its  thickness  will  be 
much  reduced  and  a  high-strength,  high  melting  point 
material  is  desired.  We  have  chosen  carbon  for  these 
reasons  (fig.  3).  A  minimum  thickness  of  15  microns  is 
required  for  dE/dx. 

One  possible  enhancement  might  be  to  accelerate  the 
incident  antiprotons  toward  the  uranium  surface  such  that 
the  stopping  range  of  the  antiprotons  is  well  within  the 
surface.  It  has  been  hypothesized  that  an  annihilation 
event  below  the  surface  may  create  a  cloud  of  ejecta 
which  would  increase  the  momentum  transfer  into  the 
sail.  An  antiproton  kinetic  energy  of  100  keV,  easily 
created  by  electrostatically  biasing  the  sail  with  respect  to 
the  antihydrogen  container,  would  stop  the  antiprotons 
approximately  355  nm  below  the  surface.  The 
disadvantage  of  this  concept  is  that  more  of  the  uranium 
in  the  sail  is  consumed,  forcing  the  thickness  for  a 
mission  to  the  Kuiper  belt  of  293  microns.  Assuming  a 
5  m  diameter  sail,  this  gives  the  sail  a  mass  of  slightly 


Figure  3:  Depiction  of  the  effect  of  annihilations  on  the 
sail  as  a  function  of  incident  antiproton  kinetic  energy. 


over  100  kg.  Though  significantly  heavier  than  the  mass 
of  the  instmmentation,  this  is  much  lower  than  traditional 
ideas. 

The  advantage  of  this  scenario  is  that  it  reduces  the 
specific  impulse  of  the  drive,  increasing  the  energy 
efficiency  of  the  concept  and  reducing  the  number  of 
antiprotons  required.  Figure  4  contains  the  results  of  a 
calculation  showing  the  change  in  antiproton 
consumption  as  a  function  of  the  number  of  un-fissioned 
uranium  atoms  ejected  per  antiproton  annihilation  (Nat). 
The  experimental  characterization  of  this  mass  ejecta 
effect,  if  existent,  is  the  focus  of  the  next  phase  of  the 
experimental  development  effort  for  this  technology. 

Msiss  of  iuitiprotoiis  .vs.  Nat 


Figure  4:  Calculation  of  the  effect  of  the  stored  antimatter 
mass  required  for  this  mission  scenario  as  a  function  of 
the  number  of  uranium  atoms  ejected  per  annihilation 


Because  the  number  of  antiprotons  required  for  this 
mission  is  roughly  2xl0’’,  space  charge  forces  prevent 
their  storage  in  that  form.  At  a  minimum,  antihydrogen 
molecules  must  be  formed.  Because  of  the  vapor  pressure 
of  solid  hydrogen,  very  low  cryogenic  temperatures  must 
be  preserved. 

The  antihydrogen  storage  system  is  held  12  m  away 
from  the  sail  via  four  tethers.  The  storage  system  is 
envisioned  to  be  an  array  of  small  chips  resembling 
integrated  circuit  chips.  Each  chip,  however,  is  not  an 
electronic  unit  but  contains  a  series  of  tunnels  etched  in  a 
silicon  substrate.  Each  tunnel  is  a  sequence  of  electrodes. 
Each  electrode  pair  forms  a  cell  that  contains  a  single 
pellet  of  solid  antihydrogen.  The  operational  scenario  is 
similar  to  that  of  CCD  chips,  wherein  charge  is 
transported  from  one  well  to  the  next  in  a  bucket-brigade 
manner.  Each  pellet  holds  approximately  lO’^ 
antihydrogen  atoms  and  a  charge  of  roughly  10'" 
coulombs.  Each  tunnel  holds  67  cells.  There  are  100 
tunnels  per  4  cm  long  chip.  Thus,  each  chip  holds 
1.6x10”  antihydrogen  atoms.  There  are  roughly 
2000  chips  in  the  storage  assembly.  Total  number  of 
antihydrogen  atoms  is  1.8x10’’  or  30.45  milligrams  The 
entire  mass  of  the  storage  imit  is  about  9  kg. 
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The  generation  of  onboard  power  is  also  accomplished 
using  antiprotons.  The  industry-standard  radioisotope 
thermoelectric  generator  used  in  the  Voyager  through 
Cassini  missions  has  a  specific  mass  at  194  kg/kw.  We 
assumed  a  power  requirement  of  400  W  based  on  the 
specifications  for  the  Voyager  spacecraft  [4].  Again  using 
antiproton  aimihilation  on  uranium  nuclei,  we  now  use  the 
trajectory  of  fission  fragments  through  a  scintillator 
material,  wavelength  matched  to  photovoltaics,  to 
generate  power.  The  overall  efficiency  of  such  a  unit  is 
estimated  to  be  4.4%.  Thus,  around  2x10*'*  antiprotons  per 
second  are  needed  for  the  400  W  of  electrical  power. 
Dominated  by  the  demands  of  signal  transmissions  to 
Earth,  the  power  is  generated  on  demand  when 
communications  back  to  Earth  are  desired.  A  waste-heat 
radiator  is  composed  of  two  sheets,  diametrically 
opposed,  with  the  edges  facing  the  sail.  The  sheets, 
designed  as  fins  with  a  roughly  triangular  cross  section, 
have  a  total  surface  area  of  3.5  m^.  The  radiator 
temperature  is  620  C.  The  power  unit  mass  is  around 
6.4  kg.  Thus,  the  specific  mass  of  the  unit  is  16  kg/kw. 

Uranium  Scintillator  PVCell 


Radiator 

. . . » 


Figure  5:  Schematic  representation  of  the  antiproton- 
based  power  generation  system  envisioned  for  anticipated 
missions.  Instead  of  generating  thrust,  the  fission 
fragments  excite  photons  in  the  scintillator  wavelength 
matched  to  the  photovoltaic  cells. 

ANTIPROTON  PRODUCTION 

At  present  the  Fermi  National  Accelerator  Laboratory  is 
capable  of  producing  lO"  antiprotons  per  hour  for  a 
traditional  total  of  4450  hours  per  year.  If  every 
antiproton  generated  in  a  year  was  formed  into 
antihydrogen  and  stored  on  board  such  an  unmanned 
spacecraft,  roughly  4.5x10’'*  antihydrogen  atoms  would 
be  stored.  This  is  enough  to  generate  400  W  for  two 
seconds,  or  1  part  in  40  million  of  the  total  antihydrogen 
inventory.  At  the  present  time,  enough  antiprotons  are 
generated  to  perform  millisecond  type  thrust  tests.  In 
order  to  reach  the  inventories  of  antiprotons  needed  for 
missions  such  as  the  one  envisioned  in  this  paper,  it  will 
be  neeessary  to  greatly  increase  the  rate  of  antiproton 
produetion. 


Basically,  there  are  two  ways  to  increase  the  antiproton 
production  rate.  The  first  is  to  put  more  protons  on  the 
antiproton  production  target.  The  limitations  to  this 
method  are  heating  of  the  target  and  the  cost  of 
accelerating  antiprotons.  The  second  way  is  to  increase 
the  efficiency  of  antiproton  production.  At  present,  the 
Fermi  production  efficiency  is  15  antiprotons  for  every 
million  protons  on  target.  An  internal  memo  [5]  suggests 
that  an  efficiency  of  even  1%  is  possible  if  a  thin  target  is 
used  and  protons  pass  through  the  target  repeatedly. 

The  present  method  of  antiproton  capture  and  cooling 
is  optimized  for  the  produetion  of  low  emittance  beams 
for  use  in  colliding  particle  beam  physics.  Removing  the 
resultant  longitudinal  and  transverse  emittance  limitation 
imposed  by  this  usage,  a  modified  accelerator  complex 
that  decelerates  and  captures  antiprotons  without 
intermediate  cooling  can  be  readily  envisioned.  The 
design  of  such  an  accelerator  complex  is  presently 
underway.  In  all,  an  increase  in  antiproton  production 
rate  of  approximately  10,000x  is  envisioned  in  10  years. 


Figure  6:  History  and  projection  of  record  global 
antiproton  production  rates.  The  blue  line  in  the  center  of 
the  graph  represents  the  recent  Fermi  National 
Accelerator  Laboratory  (FNAL)  increases  in  production 
over  the  course  of  almost  20  years.  The  green  line  to  the 
right  indicates  the  goal  of  Hbar  Technologies,  LLC. 
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SYNCHROTRON  RADIATION  SOURCE  (SRS) 


E.  Towns-Andrews,  EJ.  MacLean*,  CCLRC  Daresbury  Laboratory,  Warrington,  Cheshire,  UK 


Abstract 

The  Daresbury  Synchrotron  Radiation  Source  (SRS)  [1] 
provides  state-of-the-art  analytical  techniques  from 
infrared  to  hard  X-ray  wavelengths.  The  unique 
characteristics  of  synchrotron  radiation  are  ideal  for 
analytical  problems  that  require  high  spatial  or  temporal 
resolution  or  problems  that  are  simply  intractable  using 
conventional  instruments. 

Here  we  outline  the  approach  taken  at  the  SRS  towards 
industrial  customers.  We  provide  practical  examples  and 
case  histories  of  how  industrial  processes  have  been 
improved  in  a  diverse  range  of  business  sectors. 

INTRODUCTION 

An  increasing  number  of  large  scale  facilities  exists 
worldwide,  which  have  been  traditionally  used  by 
universities  and  higher  education  institutions  for  pure 
research  and  development.  In  recognition  of  the  needs  of 
commercial  customers,  Daresbury  Laboratory  established 
DARTS  (Daresbury  Analytical  Research  and  Technology 
Service)  [2].  DARTS  offers  unique  services  which  can  be 
tailored  to  the  needs  of  the  customer,  allowing  access  to 
synchrotron  analytical  facilities  and  also  the  significant 
expertise  and  knowledge  of  staff  on  site.  The  analytical 
portfolio  offered  by  the  facility  encompasses  imaging, 
spectroscopic  and  structural  characterisation  techniques. 
DARTS  also  has  links  to  conventional  analytical  houses 
for  standard  analyses  should  these  be  required  prior  to  use 
of  the  synchrotron.  The  nature  of  problems  and  issues 
solved  by  DARTS  is  varied  and  includes:  investigations  of 
product  failure  and  non-conformance,  manufacturing 
issues,  basic  R&D  and  information  used  in  expert  witness 
legal  cases. 

MARKETING  STRATEGY 

As  a  means  of  focusing  the  marketing  activity  of 
DARTS,  the  UK  Department  of  Trade  &  Industry  R&D 
Scoreboard  [3]  was  used  to  identify  those  key  sectors  with 
large  spend  in  research  and  development.  The  areas 
identified  were:  pharmaceuticals  and  healthcare, 
consumer  products  and  food,  chemicals  and  specialities, 
oils  and  polymers  and  aerospace  and  defence.  It  should 
be  noted  that  this  does  not  preclude  the  option  of  doing 
work  for  organisations  based  in  other  market  sectors. 

DARTS  has  also  ensured  that  all  intellectual  property 
rights  arising  out  of  a  data  collection  on  behalf  of  a 
customer  belong  to  the  customer.  If  a  pharmaceutical 
company,  for  example,  is  developing  a  new  drug  it  is  vital 
for  them  that  their  intellectual  property  rights  are 
irrefutable. 


Our  final  strategy  has  been  to  appoint  dedicated 
customer  relations  staff  to  ensure  that  the  process  of 
aceessing  the  beamtime  for  industry  is  as  straightforward 
as  possible.  By  creating  the  one-stop  shop  there  is  no 
longer  any  need  for  customers  to  be  dealing  with  several 
different  departments  at  Daresbury  for  contracts, 
experimental  risk  assessments,  accommodation  etc. 

TECHNICAL  APPLICATIONS 

As  described  above,  DARTS  is  actively  marketing  to 
five  key  market  sectors.  Examples  of  the  types  of 
experiment  done  in  each  of  these  are  now  given. 

Pharmaceuticals  &  Healthcare 

Pharmaceutical  companies  traditionally  take  a 
multidisciplinary  approach  to  their  research  and  hence  use 
a  variety  of  the  techniques  available  on  the  SRS. 
Synchrotron  X-ray  diffraction  has  been  used  extensively 
in  the  structural  studies  of  small  molecules,  which  are 
potential  drug  candidates,  and  in  their  complexes  with 
biological  macromolecules.  By  using  a  combination  of 
high-resolution  powder  diffraction,  single  crystal 
diffraction  and  protein  crystallography,  researchers  from 
these  companies  have  the  potential  for  studying  systems 
in  depth  at  the  same  location. 

A  common  technique  used  is  single  crystal  X-ray 
diffraction  for  determining  the  molecular  structure  of  drug 
molecules.  Generally,  single  crystals  can  be  grown  that 
are  large  enough  to  use  readily  available  laboratory-based 
X-ray  instruments.  However,  in  some  cases  this  is  not 
possible  and  Station  9.8  on  the  SRS  has  opened  up  a  new 
route  to  obtaining  crystal  structures  [4].  By  harnessing 
the  power  of  the  X-rays  produced  by  the  synchrotron, 
researchers  can  look  at  increasingly  smaller  crystals.  The 
smallest  crystal  currently  used  for  a  successful  structure 
determination  is  5  x  5  X  5  |xm^  [5], 

A  recent  example  of  a  complex  drug  structure  solved 
by  DARTS  was  in  work  for  Organon  Laboratories  [6]. 
The  drug  in  question  is  a  steroid,  rocuronium  bromide, 
which  is  used  as  a  neuromuscular  blocker  during  surgery 
under  anaesthetic.  The  action  of  the  drug  is  reversed  by 
subsequent  injection  of  a  cyclodextrin  that  encapsulates 
the  steroid  molecule,  thus  reversing  its  blocking  effect. 
Conventional  analytical  techniques  had  shown  that  a 
complex  was  formed  but  not  the  exact  nature  of  it. 

Due  to  the  complexity  of  the  structure  involved  and  the 
small  size  of  the  crystals,  the  structure  of  the  complex 
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could  not  be  solved  from  data  obtained  using 
conventional  lab  equipment  because  the  diffraction  was 
too  weak.  Station  9.8  allowed  sufficient  data  to  be 
collected  to  solve  the  structure  but,  even  once  the  data 
were  collected,  the  structure  solution  was  less  than 
routine.  However,  by  using  the  wide  knowledge  base  at 
Daresbury,  techniques  from  protein  crystallography  were 
used  to  solve  the  structure.  The  structure  shown  in  Figure 
1  illustrates  how  the  cyclodextrin  binds  the  rocuronium  as 
predicted. 


Figure  1;  The  complex  of  rocuronium  bromide  and  a 
cyclodextrin 

Preliminary  trials  have  shown  the  cyclodextrin  to 
reverse  the  effects  of  the  neuromuscular  blocker  twice  as 
fast  as  conventional  treatments  with  none  of  the  usual  side 
effects.  Human  clinical  trials  are  now  taking  place. 

The  second  main  area  of  interest  for  the  pharmaceutical 
industry  is  determination  of  protein  structure.  Since  many 
proteins  are  intrinsically  associated  with  human  health 
and  disease,  their  structure  can  be  key  in  developing  new 
pharmaceuticals  and  drug  therapies.  The  most  common 
technique  for  obtaining  precise  information  about  the 
arrangement  of  atoms  within  a  protein  is  X-ray 
crystallography.  In  many  cases,  conventional  laboratory 
facilities  cannot  produce  data  of  sufficient  quality  to 
resolve  the  structure  of  proteins.  This  is  due  to  their 
complex  characteristics  such  as  low  scattering  power, 
poor  ordering,  crystal  lifetime  and  susceptibility  to 
radiation  damage.  Examples  of  non-proprietary  work 
carried  out  at  the  SRS  include,  the  anthrax  lethal  factor 
[7]  and  the  structure  of  Fl-ATPase  [8]  which  was  a  key 
contributor  to  the  Nobel  Prize  for  Chemistry  in  1997. 

Where  it  is  not  possible  to  crystallise  a  particular 
protein,  synchrotron  UV  circular  dichroism  (CD)  can  be 
used  to  determine  secondary  structure  content.  It  has 
significant  advantages  over  laboratory-based  instruments 
including  reduced  data  collection  times,  higher  signal  to 
noise  ratios  and  extended  wavelength  resolution.  Perhaps 
more  importantly,  CD  can  be  used  to  study  dynamic 
processes  such  as  protein  folding  [9,  10]  and  misfolding  - 
the  basis  of  diseases  such  as  Alzheimer’s  and  bovine 


spongiform  encephalitis  (BSE).  For  pharmaceutical 
companies  the  opportunity  to  study  drug  binding  in  real 
time  and  effects  on  protein  secondary  structure  offers 
deeper  understanding  of  potential  drug  candidates. 

Chemicals  &  Specialities 

The  use  of  pigments  is  widespread  and  includes  coating 
technology,  paints,  inks  and  plastic  coloration  as  well  as 
more  sophisticated  technologies  such  as  new  information 
storage  systems. 

An  important  contributor  to  the  colour  of  a  pigment  is 
the  arrangement  of  the  molecules  within  the  pigment 
itself  and,  hence,  to  fully  understand  the  colour  properties 
of  a  pigment  it  is  vital  to  know  the  crystal  structure. 
Since  a  necessary  property  of  a  useful  pigment  is  its  small 
particle  size,  traditional  approaches  to  obtaining  crystal 
structures  are  not  always  possible.  This  is  where  the 
properties  of  synchrotron  radiation  can  be  exploited. 

Solution  of  complex  structures  from  powder  diffraction 
data  is  a  relatively  new  technique  compared  with  single 
crystal  structure  solution.  While  it  is  possible  to  solve 
structures  from  powder  diffraction  methods  using  data 
collected  on  standard  laboratory  based  diffractometers, 
the  low  symmetry  of  many  organic  materials  can  make 
analysis  of  the  patterns  troublesome  due  to  severe  peak 
overlap.  The  high  resolution  data  obtainable  using  the 
SRS  can  sometimes  overcome  this  problem. 

One  example  of  a  pigment  material  smdied  using 
powder  diffraction  is  DPP-Boc,  a  derivative  of  a  class  of 
pigments  known  as  DPPs  [11].  These  are  a  relatively  new 
class  of  organic  pigments  developed  in  the  1980s  and 
1990s  by  Ciba  Specialty  Chemicals.  DPP  pigments  have 
found  wide-ranging  commercial  use  because  of  the  range 
of  colours  possible  by  simply  varying  different  substituent 
groups  within  the  molecule.  The  structure  of  DPP-Boc 
was  intractable  from  laboratory  data,  as  the  powder 
diffraction  pattern  could  not  be  indexed.  However,  the 
higher  resolution  data  from  the  synchrotron  allowed 
successful  indexing  and  subsequent  structure  solution 
from  powder  data  using  the  Monte  Carlo  method  [12]. 

Whilst  powder  diffraction  is  an  important  technique  for 
investigating  long  range  order  in  systems  such  as  the 
pigments  described  above,  other  customers  in  this  sector 
are  more  interested  in  the  ability  to  study  local  order  in 
development  of  their  products.  Understanding  the  near 
neighbour  environment  of  active  sites  in  catalytic  systems 
is  important  and  X-ray  absorption  spectroscopy  is 
routinely  used  to  study  systems  such  as  zeolites  and 
electrode  surfaces. 

The  use  of  in  situ  combined  techniques  for  observing 
development  of  long  range  and  short  range  order  in  real 
time  has  proved  very  attractive  for  understanding  catalyst 
preparation.  For  example,  non-proprietary  research  into 
iron  phosphate  catalysts  has  successfully  used  combined 
X-ray  diffraction  and  quick  scanning  X-ray  absorption 
spectroscopy  at  the  SRS  [13]. 
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Aerospace  &  Defence 

Non-destructive  testing  of  materials  is  an  area  of  huge 
importance  to  industries  such  as  automotive  and 
aerospace.  The  non-conformance  of  materials  to  required 
quality  and/or  safety  specifications  can  lead  to  large  scale 
manufacturing  production  lines  being  brought  to  a  halt 
while  the  problem  is  resolved.  Representatives  from 
these  industries  have  employed  the  rapid  turn-round 
service  via  DARTS  to  investigate  component  failures 
using  a  variety  of  specialist  techniques.  Novel  X-ray 
imaging,  surface  and  diffraction  methods  allow  non¬ 
destructive  testing  of  specimens  which  ensure  that  any 
observed  effects  have  not  been  introduced  during  sample 
preparation.  The  versatility  of  these  methods  can  be 
extended  to  many  types  of  materials  including  metals, 
synthetic  polymers  and  natural  products. 

Recent  work  at  the  SRS  [14]  has  shown  that  fast 
residual  stress  mapping  can  be  achieved  in  deformed  plate 
materials  using  energy-dispersive  transmission  X-ray 
diffraction.  Discrimination  by  energy  rather  than  angle 
allows  in  situ  measurements  to  be  made  without  having  to 
consider  complications  inherent  in  angle  scanning  such  as 
low  penetration,  variable  sample  path  lengths  and 
awkward  sample  shapes.  By  using  orthogonal  scanning, 
the  results  have  shown  that  a  spatial  resolution  may  be 
achieved  of  100  pm  perpendicular  to  and  of  1  mm  along 
the  beam  for  a  number  of  different  materials  including  a 
6  X  3  X  100  mm  two-phase  Tl/Al/V  aerospace  alloy. 

Having  demonstrated  the  ability  to  optimise  the  SRS 
facility  for  this  type  of  study,  DARTS  now  offers  fast 
residual  stress  mapping  as  a  service  for  suitable  materials. 

Consumer  Products  &  Food 

Companies  in  this  sector  manufacture  products  as 
diverse  as  food,  cosmetics,  detergents  and  healthcare 
products  which  must  perform  consistently  to  consumer 
expectations.  Understanding  product  behaviour  at  the 
most  basic  level,  for  example  the  phase  behaviour  of 
products  with  regard  to  storage  and  processing  conditions, 
is  a  crucial  requirement  for  manufacturers.  Some  systems 
studied  by  DARTS  include  oils,  detergents,  foodstuffs, 
personal  hygiene  products  and  dermatological  creams. 

Crystallisation  is  one  of  the  dominant  techniques  used 
by  the  chemical  and  food  industries  for  particle  separation 
and  purification.  However,  there  is  still  a  limited 
understanding  of  the  detailed  mechanisms  associated  with 
the  formation  of  crystalline  and  amorphous  solids  from 
liquid  mother  phases,  be  they  melts  or  solutions.  In 
chocolate  production  the  solidification  process  requires 
careful  control  because  it  significantly  influences  both  the 
rheological  properties  of  chocolate  such  as  viscosity  and 
adhesion  and  the  physical  properties  of  the  end  product, 
which  are  vital  in  determining  the  acceptability  of  a 
product  in  the  marketplace. 


Collaborative  work  between  Heriot-Watt  University 
and  the  research  and  manufacturing  arms  of  Cadbury  Ltd. 
[15]  has  used  the  SRS  for  small  angle  X-ray  scattering 
measurements  using  an  environmental  shear  stress  cell  for 
in  situ  studies. 

Results  indicate  that  the  effect  of  shearing  on  the 
crystallisation  of  cocoa  butter  is  significant  in  determining 
which  of  six  possible  polymorphs  develops.  Shearing 
induces  form  V  formation  from  the  very  outset,  and  this  is 
the  form  needed  to  produce  good  quality  chocolate  with 
the  desired  rheological  and  physical  properties.  In  the 
case  of  a  stagnant  run,  form  V  is  never  present.  Thus  the 
production  of  good  quality  chocolate  under  these 
conditions  would  be  virtually  impossible. 

This  methodology  could  have  many  other  applications 
well  beyond  confectionery,  not  merely  in  the  food 
industry  but  throughout  chemical  industry  generally, 
including  pharmaceuticals,  where  the  final  physical  form 
and  properties  of  a  product  are  governed  by  processing 
and  production  conditions. 

Whilst  synchrotron  IR  microspectroscopy  is  emerging 
as  a  powerful  analytical  tool  for  many  industrial 
customers,  the  high  spatial  resolution  arid  significantly 
improved  signal  to  noise  ratios  achievable  over 
conventional  globar  systems  is  being  exploited  by  a 
number  of  DARTS  customers  in  this  particular  sector.  The 
chemical  mapping  of  hair  cross  sections  [16]  clearly 
demonstrates  the  power  of  this  technique  for  evaluating 
the  effects  of  hair  care  products  which  are  under 
development  and  also  for  forensic  science.  In  addition, 
non-proprietary  work  into  the  study  of  extruded 
amylopectin-gelatin  blends  [17]  and  oil  distribution  in 
filed  foods  [18]  has  demonstrated  the  potential  of  this 
technique  in  the  food  industry 

Oils  &  Polymers 

Work  conducted  in  this  sector  covers  a  wide  range  of 
applications  from  development  of  novel  catalysts  to 
formulation  of  motor  oils  and  production  of  packaging 
materials. 

Polymer  film  manufacturer,  UCB  Films,  requested 
evaluation  of  a  coated  polypropylene  film  used  in  food 
packaging,  which  degraded  over  a  period  of  timp  resulting 
in  increased  opacity  of  the  material  when  stored.  The 
problem  appeared  to  be  related  to  the  processing 
conditions  under  which  the  films  had  been  manufactured. 

DARTS  utilised  a  multitechnique  approach  to  this 
problem  and  employed  grazing  incidence  X-ray 
diffraction  (GIXD)  and  SAXS  to  investigate  a  number  of 
polymer  films  from  different  processing  batches.  Figure  2 
shows  the  GIXD  data  obtained  from  three  samples. 
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Figure  2  GIXD  data  of  a  series  of  polypropylene  fdms 


GIXD  provided  data  from  the  0.6  pm  co-polymer 
coating.  Peaks  observed  corresponded  exactly  to  those 
expected  for  polypropylene.  Therefore,  despite  the 
presence  of  up  to  10  %  ethylene  in  the  copolymer,  the 
molecular  arrangement  of  polypropylene  is  being  adopted 
in  the  crystallites  of  the  coating  layers.  The  peaks  are 
sharper  in  the  case  of  the  clear  films,  implying  a  higher 
level  of  molecular  order  within  the  crystallites.  SAXS 
data  from  the  films  indicated  that  the  average  particle  size 
in  the  bulk  material  was  approximately  200  A  in  each 
case.  On-line  processing  facilities  at  the  SRS  have 
enabled  other  DARTS  customers  to  study  in  real  time  the 
effects  of  varying  processing  conditions  on  the  properties 
of  polymer  products  [19, 20] 

In  the  manufacture  of  efficient  and  reliable  engine  oils 
it  is  important  to  understand  and  be  able  to  control  a 
multitude  of  complex  chemical  and  physical  processes. 
Examples  of  these  processes  include  the  interactions 
between  different  components  of  the  engine  oil  and  the 
effects  of  oil  viscosity. 

The  role  of  the  detergent  in  crank  case  lubricants  is  to 
provide  a  soluble  base  within  the  formulated  engine  oil 
and  to  neutralise  acidic  products  which  are  introduced 
into  the  lubricant.  Acidic  products  may  originate  from  the 
blow-by  gases  produced  during  fuel  combustion.  Organic 
acids  are  also  formed  in  situ  in  the  crankcase  through 
oxidation  and  degradation  of  the  lubricant.  If  these  acids 
are  not  rapidly  neutralised,  it  may  lead  to  corrosion  within 
the  crankcase. 

Characterising  the  nature  of  the  detergent  additive,  and 
hence  its  role  in  acid  neutralisation,  has  proved  difficult 
using  standard  analytical  techniques.  However,  SAXS  is 
ideally  suited  to  this  task  since  it  provides  a  direct  means 
of  probing  the  structure  of  the  detergent  additive  for 
different  compositions  of  the  oil  base.  Typically  the 
calcium  and  niagnesium  detergent  particles  are  2050  A  in 
size,  a  range  that  is  easily  accommodated  by  the  SAXS 
method.  In  addition  to  providing  information  about 
particle  size,  SAXS  also  enables  the  particle  shape  and 
size  distributions  to  be  determined. 

Infineum  (a  joint  venmre  between  Shell  and  Exxon)  has 
used  DARTS  to  access  SAXS  facilities  at  the  SRS  [21]  to 
characterise  detergent  additives  in  motor  oil  samples.  This 
has  allowed  quantification  of  process  changes,  control  of 


rheological  properties  and  performance  characteristics  of 
the  finished  product  and  prediction  of  the  various 
interactions  that  can  occur  between  detergent  molecules 
and  other  additives  in  the  finished  oil. 

CONCLUSIONS 

The  uniqueness  of  the  DARTS  service  as  a  customer¬ 
facing  support  team  is  achieved  by  a  dedicated,  trained 
team  of  staff  drawn  from  all  areas  of  the  Synchrotron 
Radiation  Department.  This  has  enabled  the  expansion  of 
the  portfolio  of  techniques  and  target  sectors  as  described 
above.  This  approach  allows  UK  and  international 
industry  to  access  the  expertise  available  at  Daresbury  in 
a  cost-effective  manner  -  they  do  not  all  need  to  have 
synchrotron  experts  in  their  own  labs.  Of  course,  should 
industrial  scientists  wish  to  do  their  own  experiments,  this 
access  mechanism  is  also  available  through  DARTS.  We 
offer  a  range  of  access  levels  from  beamtime  only  to  “you 
send  the  sample,  we  send  the  results”.  A  combination  of 
these  levels  has  sometimes  been  the  most  convenient  way 
for  a  company  to  use  the  service. 
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Abstract 

We  have  developed  a  prototype  high  energy  gamma-ray 
CT  system  for  nondestructive  inspection  of  heavy 
industrial  products  using  laser-Compton  photon  beam, 
which  was  generated  with  an  800  MeV  electron  storage 
ring,  TERAS,  of  AIST-Tsukuba  and  with  an  intense  laser 
light  source.  A  description  of  the  prototype  system  and 
experimental  results  of  CT  imaging  are  presented. 

INTRODUCTION 

X-ray  radiography  is  not  only  used  as  medical  diagnosis 
tools,  but  also  for  industrial  purposes,  such  as 
nondestructive  inspection  of  industrial  products.  X-ray 
Computed  Tomography  (CT)  is  one  of  the  most  common 
and  powerful  tools  for  these  applications.  If  the  X-ray 
energy  is  sufficiently  high,  as  high  as  that  of  the  gamma- 
ray  energy  (typically,  higher  than  a  few  MeV),  the  X-ray 
penetrates  concretes  and  metals.  High  energy  photon 
radiography  is,  then,  a  useful  tool  for  a  nondestructive 
inspection  of  bulk  materials  and  metal  die-casts.  It  is 
especially  useful  for  an  engineering  process,  so  called  the 
reverse  engineering,  which  is  one  of  the  methods  to 
improve  the  efficiency  for  a  development  of  the  industrial 
products,  reducing  the  time  to  make  various  computer- 
aided  design  models. 

Photons  with  the  energies  about  a  few  MeV  are  useful 
for  the  inspection  of  materials  with  high  atomic  numbers 
(hereafter,  high-Z  materials),  such  as  iron,  copper  and 
lead,  because  the  total  attenuation  coefficient  [1]  is 
minimum  around  these  energies.  The  attenuation 
coefficients  for  lighter  materials,  or  low-Z  materials,  such 
as  water,  tissues  and  concrete,  decrease  with  increasing 
photon  energy,  and  are  almost  constant  above  10  MeV. 
Radiography  using  photons  over  a  few  MeV  is,  then, 
almost  free  from  the  spectrum  hardening  effect  and  the 
metal  artifact,  and  is  useful  for  the  inspection  of  various 
industrial  products. 

Laser  Compton  scattering  (LCS)  is  one  of  the 
techniques  to  produce  high  energy  intense  photon  beam 
[2].  Because  the  angular  spread  of  the  LCS  photons  is  so 
small,  on  the  order  of  a  few  mrad,  that  high  resolution 
imaging  of  high-Z  materials  can  be  possible.  One  can 
obtain  photons  with  good  directionality  and  with  narrow 
spectrum  width,  at  the  same  time,  by  putting  a  collimator 
along  the  photon  beam  line,  because  the  energy  of  the 
scattered-off  photons  via  Compton  scattering  depends  on 
the  scattered  angle,  02,  as  follows: 
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x-f)Co.v,,]^M.r.PCoAe,-e^) 


where  7  =  — ^ 

^  0.511 

where  E,,  El  and  E^  stand  for  the  energies  of  a  LCS 
photon,  a  laser  quantum  and  an  electron,  respectively,  in 
MeV.  01  and  02  are  the  angles  of  the  laser  quantum  before 
and  after  the  Compton  scattering,  measured  with  respect 
to  the  motion  of  direction  of  the  electron,  where  0i 
becomes  n  in  the  head-on  configuration. 

Figure  1  shows  the  energy  of  a  scattered  photon  as  a 
function  of  the  scattering  angle,  02,  assuming  the  head-on 
collision  (0]  =  ji)  of  a  760  MeV  electron  and  a  1064  nm 
laser  quantum,  calculated  from  the  Klein-Nishina 
formula.  It  is  understood  that  energy  spread  of  a  few  % 
can  be  obtained  by  confining  the  angular  divergence  in  a 
few  part  of  10  mrad. 


Figure  1:  Energy  of  the  1064  nm  laser  quantum  scattered 
via  the  Compton  scattering  with  the  760  MeV  electrons. 

EXPERIMENT 

Description  of  the  experimental  setup 

We  have  been  developing  the  LCS  photon  radiography 
and  CT  systems  [3,  4]  at  the  LCS  photon  facility  of 
National  Institute  of  Advanced  Industrial  Science  and 
Technology  (AIST)  at  Tsukuba  [5,  6],  and  installed  a 
prototype  CT  system,  recently.  The  photon  facility  serves 
1-40  MeV  quasi-monochromatic  and  energy-tunable 
photon  beams  of  up  to  10*  photons  cm'^  s'‘  using  the  300  - 
800  MeV  electron  storage  ring,  TERAS  [7].  Recent 
experiment  showed  that  the  spatial  resolution  of  the  high 
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energy  radiography  system  using  10  MeV  LCS  photon 
beam  was  better  than  1  mm  [4], 

The  CT  experiments  were  done  at  the  LCS-3  beam  line 
of  AIST-LCS  photon  facility.  We  used  10  MeV  LCS 
photon  beam  in  the  experiment  using  the  commercially- 
available  Nd:YV04  laser  (SPECTRA-PHYSICS, 
Millennia  IR,  TEMOO  CW  lOW). 

Figure  2  shows  a  schematic  view  of  the  LCS-3  beam 
line  of  TERAS.  The  photon  beam  is  generated  via  the 
Compton  scattering  at  the  center  of  one  of  the  straight 
sections  of  TERAS.  The  photons  go  along  with  the 
electrons  that  are  swept  away  at  one  of  the  bending 
magnets  of  TERAS  downstream  of  the  collision  point, 
and  go  straight  through  the  laser  mirror  and  penetrate  it 
losing  negligible  numbers  of  photons.  The  photon  beam  is 
transported  about  12  m  in  the  air  to  the  experimental  room. 
There  is  a  lead  collimator  of  inner  diameter  of  2.8  mm 
and  thickness  of  100  mm  along  the  photon  beam  line.  The 
role  of  this  collimator  is  to  roughly  shape  the  energy 
spectrum  and  the  beam  profile  of  the  LCS  photons,  and 
also  to  suppress  the  low-energy  background  photons, 
which  are  mainly  produced  from  the  bremsstrahlung  of 
the  relativistic  electrons  colliding  with  the  residual  gas 
molecules  in  the  vacuum  chamber.  The  beam  divergence 
and  the  spot  size  at  the  sample,  in  this  configuration,  are 
approximately  0.2  mrad  in  half  angle  and  4.5  mm  in 
diameter,  respectively. 

/  / 

1 .5  rn  Shielding  woli 


Unit  in  mm 

Figure  2:  Schematic  drawing  of  the  LCS-3  beam  line  of 
AIST-LCS  facility. 


Figure  3  shows  a  schematic  drawing  of  the  hardware 
components  for  the  prototype  CT  system  installed  in  the 
LCS-3  beam  line.  Because  the  diameter  and  the 
divergence  of  the  photon  beam  were  very  small,  we 
designed  the  CT  system  as  the  1*'  generation  style.  The 
distance  of  the  sample  object  from  the  photon  source 
(laser-electron  collision  point)  is  about  12  m.  The  sample 
object  was  put  on  a  PC-controlled  CT  stage,  which  had 
three  axes  of  motion;  rotation,  horizontal  and  vertical  with 
respect  to  the  photon  beam.  A  large  Nal(Tl)  scintillation 
detector  (Sin  x  12in)  measures  the  energy  and  the 
intensity  of  the  photons.  It  almost  fully  absorbs  the 
photons  with  the  energies  up  to  40  MeV.  The  2"‘‘ 
collimator,  which  was  placed  behind  the  sample  object 
not  only  defined  the  spectrum  width  and  spatial 
resolution,  but  also  reduced  the  background  photons  that 
were  scattered-off  from  the  sample  object  with  small 
^gles  via  the  Compton  scattering.  We  used  a  collimator 
of  2  mm  inner  diameter.  The  resulting  beam  diameter  and 
the  divergence  are  considered  to  be  1.8  mm  and  80  prad, 
respectively,  at  the  sample  position. 


Figure  3:  Schematic  drawing  of  the  prototype  CT  system. 
Sample  object 

We  chose  the  RF  tetrode  tube  "TH571A"  (THOMSON 
TUBES  ELECTRONIQUES)  as  a  sample  object  for  the 
CT  experiment,  because  it  consisted  of  high-Z  and  low-Z 
materials  and  its  inside  structures  were  invisible  from 
outside.  The  anode  was  put  inside  the  iron  vessel,  and  the 
cathode  and  grid  structures  were  inside  the  ceramics 
insulator.  This  tube  is  usually  used  as  a  main  amplifier  for 
the  RF  power  source  of  TERAS. 

Figure  4  shows  the  radiograph  of  the  sample  object 
around  the  electrodes  [4].  The  metal  grids  and  cathode  are 
clearly  seen  through  the  ceramic  insulator.  Because  we 
were  interested  in  the  structure  of  the  electrode,  we 
decided  to  take  the  CT  images  around  these  regions.  The 
solid  lines  indicate  the  slice  positions  (1  ~  8),  which  were 
numbered  sequentially  from  bottom  to  top.  The  slice 
thickness  and  the  scanned  area  were  1  mm  and  100  x  100 
mm^,  respectively. 


Figure  4:  Radiograph  around  the  electrode  of  the 

TH571A  tetrode  tube. 

Measurement  results 

It  took  about  1  hour  to  scan  each  of  the  slices.  The 

measurements  were  done  as  follows: 

1.  Rotating  the  sample  object  and  counting  the  number 
of  photons  within  each  of  the  preset  angle  (3.6 
degree,  for  example)  until  the  object  turns  360 
de^ee  (which  results  in  100  angular  projection 
points,  for  3.6  degrees  increment). 

2.  Moving  horizontally  a  preset  step  (1  mm,  for 
example). 

3.  Repeating  the  process  1  and  2,  until  the  total  travel 
distance  reaches  the  preset  value  (100  mm,  for 
example). 
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4.  Completion  of  a  measurement  for  one  slice.  Then, 
moving  vertically,  and  repeating  the  process  1-3 
for  another  slice. 

Figures  5  show  the  reconstmcted  CT  images.  We  can 
see  the  cross-sectional  views  of  inside  the  sample  object. 
The  numbers  on  the  top  of  the  images  show  the  vertical 
positions,  or  the  slice  numbers  shown  in  fig.  4.  The  CT 
images  were  reconstructed  with  the  filtered  back- 
projection  method,  off-line.  The  count-rate  data  were 
Fourier  transformed  using  the  Fast  Fourier 
Transformation  (FFT)  algorithm,  and  convoluted  with  the 
filtering  function.  We  used  a  step  function  with  the 
highest  cutoff  frequency  at  the  Nyquist  frequency  as  the 
filtering  function.  The  data  in  the  Fourier  regime  were, 
then,  inversely  FFT  followed  by  the  coordinate  exchange 
according  to  the  standard  tomography  method. 


12  3  4 


obtained  with  the  CT  using  the  10  MeV  LCS  photon 
beam. 

DISCUSSION 

The  present  results  obtained  with  the  prototype  CT 
system  showed  that  we  were  able  to  build  the  high  energy 
photon  CT  system  for  the  inspection  of  bulky  industrial 
products.  However,  we  should  improve  the  present  CT 
system  in  accordance  with  the  following  points  to  meet 
with  the  criteria  for  a  practical  use: 

1 .  Reduction  of  the  data  acquisition  time 

2.  Optimization  of  the  spatial  resolution 

The  first  point  is  critical,  because  the  current  CT  system 
requires  1  hour  to  obtain  an  image  data  for  100  mm  x  100 
mm  area.  Several  ideas  to  reduce  the  measurement  time 
have  been  discussed.  Some  of  them  are  to  increase  the 
photon  intensity,  and  the  other  ones  are  to  upgrade  the 
system  to  the  second-generation  CT  system  with  fan- 
beam  configuration,  using  multiple  detector  system.  We 
are  interested  in  how  to  make  the  LCS  photon  beam  in  a 
fan-beam  configuration,  and  are  preparing  for  the 
feasibility  study.  The  second  point  is  also  important. 
Because  the  space  for  the  CT  system  installation  is  limited, 
some  of  the  optimal  geometric  conditions  to  give  the  best 
spatial  resolution  may  not  be  achieved.  So,  we  should 


evaluate  the  spatial  resolution  of  the  present  CT  system  in 
the  current  configuration,  first,  and,  then,  try  to  optimize 
the  system  to  give  the  best  performance. 

SUMMARY 

The  high  energy  photon  radiography  and  CT  systems 
using  the  10  MeV  laser  Compton  photon  beam  of  AIST- 
LCS  facility  has  been  developed,  and  the  first  CT 
experiment  was  done.  The  sample  object  was  the  RF 
tetrode  tube  made  of  iron,  copper,  ceramics,  and  so  on. 
We  were  able  to  obtain  the  cross-sectional  images  of  the 
sample  object. 
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Abstract 

The  generation  of  high  quality  electron  beams  in  a  laser 
Wakefield  accelerator  (LWFA)  is  generally  thought  to 
require  phased  injection  of  an  ultrashort  electron  bunch. 
However,  simulations  have  shown  that  longer  bunch, 
unphased  injection  may  also  produce  high  quality,  short 
electron  bunches  if  the  injection  energy  is  properly 
chosen.  The  process  involves  pruning  of  electrons  that 
move  into  defocusing  portions  of  the  wakefield,  along 
with  strong  phase  bunching  and  rapid  acceleration. 
Simulation  results  are  consistent  with  a  simple 
Hamiltonian  model  that  numerically  integrates  particle 
orbits  in  an  idealized  wake  potential.  Simulations  are  also 
presented  for  a  channel-guided  LWFA  system  using 
optical  injection 

INTRODUCTION 

A  laser  wakefield  accelerator  (LWFA)  uses  a  high 
power  (>TW),  short  laser  pulse  to  produce  a  large 
amplitude  plasma  wave  that  can  accelerate  electrons  to 
high  energies  over  extraordinarily  short  distances  [1-3]. 
The  plasma  wave  has  a  phase  velocity  that  is 
approximately  equal  to  the  group  velocity  of  the  laser 
pulse  in  the  plasma. 

A  general  strategy  for  producing  high  quality  electron 
beams  is  being  pursued  at  a  number  of  institutions.  This 
strategy  involves  three  basic  components.  First,  laser  and 
plasma  parameters  are  chosen  to  be  in  the  “standard” 
LWFA  regime,  where  the  laser  pulse  length  is  less  than 
the  plasma  wavelength  2^  =2tcc/c:^.  In  this  regime,  the 
laser  produces  a  strong,  well-defined  wakefield  while 
limiting  the  growth  of  dangerous  instabilities.  The  second 
part  of  the  strategy  is  to  use  a  plasma  channel  to  provide 
optical  guiding  and  thus  increase  the  acceleration  length.' 
The  acceleration  length  is  usually  limited  by  dephasing 
that  arises  fi'om  the  difference  in  speed  between  the  beam 
electrons  and  the  group  velocity  of  the  laser  pulse.  The 
third  part  of  strategy  is  to  use  an  external  electron  beam 
source  that  provides  precisely-timed  ultrashort  bunches 
injected  into  the  optimal  phase  of  the  wake.  The  short 
period  of  the  wakefield  places  difficult  limitations  on  the 
bunch  length  and  timing  jitter  of  the  injected  electrons. 

This  precisely  timed  or  phased  electron  injection  is 
expected  to  result  in  high  quality  electron  beams  with 
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small  energy  spread.  It  is  inherently  difficult  for 
conventional  RF  injectors  to  achieve  femtosecond 
precision,  so  most  conceptual  LWFA  designs  have 
employed  some  form  of  all-optical  injection  [4-6]. 
Integrated  experiments  demonstrating  all-optical  injection 
and  LWFA  acceleration  are  planned  at  several 
laboratories,  but  this  milestone  has  not  yet  been  achieved. 

However,  simulations  and  theoretical  models  presented 
in  this  paper  will  show  that  phased  injection  of  precisely- 
timed  ultrashort  bunches  may  not  be  necessary.  If  the 
electron  injection  energy  is  properly  chosen,  a  high 
quality  accelerated  electron  beam  is  possible  even  if 
electrons  are  injected  over  a  broad  range  of  phases.  This 
strategy  involves  matching  the  injection  energy  to  the 
strength  of  the  wakefield  so  that  most  injected  electrons 
experience  a  defocusing  radial  electric  field  at  some  point 
and  are  lost  or  “pruned”.  Those  electrons  that  survive 
experience  strong  phase  bunching  and  can  be  accelerated 
to  high  energies  with  small  energy  spread. 

UNPHASED  INJECTION  SIMULATONS 

Turbo  WAVE  is  highly  a  parallelized-  particle-in-cell 
simulation  code  that  has  been  used  extensively  to  model 
intense  laser  propagation  in  plasmas  [7].  For  long  range 
propagation  in  regimes  where  the  plasma  frequency  is 
much  less  than  the  optical  frequency,  it  has  an  option  to 
use  a  ponderomotive  guiding  center  (PGC)  model  that 
averages  over  the  fast  (optical)  time  scale.  The 
simulations  are  fully  relativistic  and  fully  electromagnetic 
and  include  the  transverse  structure  of  the  plasma  wave, 
nonzero  emittance  and  energy  spread  of  injected 
electrons,  and  the  nonlinear  evolution  of  the  driving  laser 
pulse  in  the  plasma  channel.  The  channel-guided  LWFA 
simulations  described  here  have  been  run  in  a  2-D 
Cartesian  geometry. 

An  example  of  a  channel-guided  LWFA  Turbo  WAVE 
simulation  with  monoenergetic,  unphased  injection  is 
shown  below.  The  laser  has  2  =  0.8  pm,  ^  =  80  fsec,  peak 
power  Fo  =  8  TW,  and  initial  Gaussian  radius  ro  =  30  pm. 
The  channel  on-axis  density  no  =  5x10'”'  cm■^  and  the 
density  doubling  radius  of  the  parabolic  channel  profile 
[3]  is  chosen  to  have  a  matched  guiding  spot  size  =  rg. 
The  injected  electrons  had  an  initial  energy  W;,  =  1.6  MeV 
and  were  loaded  uniformly  in  phase  behind  the  primary 
laser  pulse.  The  normalized  emittance  e„  for  this  bunch 
was  1  n  mm-mrad. 
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Figure  1  shows  the  location  of  the  laser  pulse  in  the 
simulation  box  at  injection  (z  =  0)  and  after  3.62  cm  of 
propagation.  The  axial  coordinate  z-  ct  defines  position 
within  the  laser  tfame.  Since  the  channel  parameters  were 
chosen  to  provide  guiding  at  the  initial  spot  size,  the  laser 


intensity  contours  at  z  =  3.46  cm  show  little  change 
except  for  the  usual  group-velocity-driven  phase  slippage. 
However,  there  is  a  dramatic  change  in  the  injected 
electrons,  which  form  very  short,  highly  focused  bunches. 
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Figure  1:  Contours  of  laser  intensity  and  injected  particle  positions  at  injection  (z  =  0,  left  frame)  and  after  3.46  cm  of 
propagation  (right  frame). 


Figure  2  shows  the  energy  distribution  of  the  injected 
electrons  at  two  different  locations  from  this  simulation. 
At  z  =  3,46  cm,  the  average  energy  <W^  of  the  electrons 
is  230  MeV,  with  a  small  energy  spread.  At  z  =  6.62  cm, 
the  average  energy  has  increased  to  400  MeV,  and  the 
energy  spread  has  increased.  Most  of  the  original  injected 
electrons  have  been  lost  due  to  expulsion  by  the  strong 
radial  electric  fields  in  the  defocusing  portions  of  the 
wake.  However,  those  that  survive  form  short,  well- 
defined  beam  bunches  with  modest  energy  spread. 


Injection  Energy  =  1.6  MeV 


Figure  2:  LWFA  particle  energy  spectra  at  two  locations 

HAMILTONIAN  ANALYSIS  OF 
UNPHASED  INJECTION 

Trapping  and  acceleration  of  injected  electrons  are 
often  analyzed  by  plotting  particle  phase  space  trajectories 
in  a  frame  moving  at  the  group  velocity  of  an  ideal  guided 
laser  pulse  [2].  The  Hamiltonian  in  this  frame  is  given  by 
H(y,y/)  =  J<1  -  where  and  Pg  are  the 


particle  velocity  and  wave  group  velocity,  normalized  to 
c,  is  the  peak  wake  potential,  and  y/  =  (Op{z/PgC  -  t)  is 
the  particle  phase.  Although  the  analysis  is  one¬ 
dimensional,  it  is  assumed  that  any  particle  that  enters  the 
defocusing  portion  of  the  wake  (zr<  y/<  In  in  the  first 
wake  bucket)  is  immediately  lost. 

The  largest  phase  space  closed  orbit  in  the  first  bucket 
that  satisfies  0  <  ;r  contains  all  orbits  of  particles  that 

never  cross  into  the  defocusing  region.  This  orbit  is 
defined  by  where  Yg  =  (I  -  Pg^)''^.  The 

lowest  point  on  this  retaining  orbit  defines  the  minimum 
injection  energy  y,„i„  for  trapping.  For  y„,i„  <yo<  jj,  where 
Yo  defines  the  injection  energy,  one  can  define  a  range  of 
phases  y/„i„  <  y/<  for  particles  that  remain  focused. 
The  collection  efficiency  for  particles  loaded  uniformly  in 
phase  is  given  by  -  y/mi^l2n.  With  an 

appropriate  change  of  variables,  the  equations  of  particle 
momentum p{z)  and  phase  y/{^  can  be  solved  numerically 
for  an  idealized  wake  to  give  final  output  energy  and 
phase  as  a  function  of  input  energy  and  phase.  The  final 
average  energy  <Y>,  relative  energy  spread  Syl<Y>,  mean 
output  phase  <yf>,  and  rms  pulse  width  Sy^  can  be 
obtained  as  functions  of  yo  and  <po. 

COMPARISON  WITH  SIMULATONS 

For  the  parameters  used  in  the  previous  simulation  the 
normalized  potential  e^olmc^  =  0.1.  Figure  3  plots  the 
collection  frequency  and  normalized  energy  spread  as 
functions  of  the  unphased  injection  energy.  The  plot 
compares  the  Hamiltonian  model  with  the  TurboWAVE 
results  at  z  =  6.62  cm  for  the  parameters  used  in  that 
simulation. 
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The  Hamiltonian  model  shows  that  the  collection 
efficiency  rises  much  faster  than  the  relative  energy 
spread  for  injection  energies  slightly  above  the  minimum 
trapping  energy,  which  is  1.72  MeV  in  the  theoretical 
model.  The  simulation  collection  efficiency  follows  the 
basic  trend  of  the  Hamiltonian  model  but  is  consistently 
higher.  For  Wo  =  1.6  MeV,  which  is  slightly  below  the 
theoretical  trapping  threshold  energy,  rj  actually  exceeds 
0.2.  The  energy  spread  in  the  simulations  also  agrees  well 
with  the  Hamiltonian  model  for  injection  energies  near  the 
trapping  threshold. 


Figure  3:  Collection  efficiency  (red)  and  energy  spread 
(blue)  as  functions  of  the  injection  energy  for  the  laser  and 
plasma  channel  parameters  used  in  Figs.  1  and  2.  The 
curves  are  from  the  Hamiltonian  analysis,  and  the 
symbols  are  from  the  TurboWAVE  simulation. 

MULTI-STAGE  LWFA  SIMULATIONS 

This  Section  describes  simulation  of  a  channel-guided 
LMTA  that  would  employ  phased  injection  from  an  all- 
optical  injector.  This  “end-to-end”  simulation  uses  the  3-D 
version  of  TurboWAVE  to  generate  an  injection  spectrum 
for  a  LIPA  (Laser  Ionization  and  Ponderomotive 
Acceleration)  injector  [5].  The  LIPA  simulation  employs  a 
2  TW,  50  fsec  Ti-sapphire  pulse  tightly  focused  onto  a 
nitrogen  gas  jet  and  produces  a  2  MeV,  20  fsec  long, 
phased  electron  bunch  with  a  modest  energy  spread.  The 
output  particles  from  this  simulation  are  used  to  initialize 
a  2-D  TurboWAVE  simulation  of  the  main  LWFA 
acceleration  stage.  The  8  TW,  50  fsec,  30  pm  radius 
LWFA  pulse  is  guided  in  a  three  stage,  ablative-wall 
capillary  discharge  plasma  channel  [8].  The  on-axis 
channel  density  is  8x10*’  cm'^  in  the  first  stage  and  is 
slightly  higher  in  the  other  stages  in  order  to  extend  the 
dephasing  length.  Laser  ionization  of  inner  shell  carbon 
electrons  from  the  capillary  discharge  is  included. 

Figure  4  shows  the  simulation  output  spectrum  at  the 
end  of  each  stage.  The  simulations  predict  average 


energies  of  almost  300  MeV  after  the  first  stage  and  800 
MeV  after  the  third  stage.  The  energy  spread  remains 
small  throughout  the  acceleration  process. 


Figure  4:  Energy  spectra  after  each  stage  for  a  three-stage, 
channel-guided  LWFA  with  LIPA  injection. 


SUMMARY 

The  TurboWAVE  simulation  code  has  been  used  to 
model  acceleration  of  injected  electrons  in  a  channel- 
guided  laser  wakefield  accelerator.  It  is  often  assumed  that 
phased  injection  of  precisely-timed,  ultrashort  electron 
bunches  will  be  required  to  produce  high  quality 
accelerated  electron  beams  with  low  emittance  and  energy 
spread.  However,  simulations  show  that  high  quality, 
ultrashort  bunches  can  be  produced  during  LWFA 
acceleration  if  the  injection  energy  is  slightly  above  the 
minimum  energy  for  trapping.  The  process  involves 
removal  or  pruning  of  electrons  that  move  into  defocusing 
portions  of  the  wakefield,  combined  with  strong  phase 
bunching.  The  results  suggest  that  extremely  precise 
timing  may  not  be  necessary,  making  conventional  RF 
injectors  a  more  viable  alternative  to  all-optical  injection. 
“End-to-end”  simulations  of  a  three-stage  LWFA  with  all- 
optical  LIPA  injection  predicts  almost  300  MeV  gain  after 
the  first  stage  and  800  MeV  after  the  third  stage,  with 
modest  energy  spread. 

REFERENCES 

[1]  P.  Sprangle,  et  al,  Phys.  Rev.  E  63  (2001)  056405. 

[2]  E.  Esarey,  et  al,  IEEE  Trans.  Plasma  Sci.  24  (1996) 
252. 

[3]  R.F.  Hubbard,  et  al.,  Phys.  Rev.  E  63  (2001)  036502. 

[4]  D.  Umstadter,  et  al.,  Phys.  Rev.  Lett.  76  (1997)  2073. 

[5]  C.  Moore,  et  al.,  Phys.  Plasmas  8  (2001)  2481. 

[6]  E.  Esarey,  et  al.,  Phys.  Rev.  Lett.  29  (1997)  2682. 

[7]  D.  Gordon,  et  al.,  IEEE  Trans.  Plasma  Sci.  28  (2000) 
1224. 

[8]  D.  Kaganovich,  et  al.,  Appl.  Phys.  Lett.  78  (2001) 
3175. 


718 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


ALL-OPTICAL  BEAMLET  TRAIN  GENERATION* 

John  Cary,^  Rodolfo  Giacone,  Chet  Nieter,  University  of  Colorado,  Boulder  CO  80309,  USA 
David  Bruhwiler,  Tech-X  Corporation,  Boulder,  CO  80301,  USA 
Eric  Esarey,  Gwenael  Fubiani,  Wim  Leemans,  LBNL,  Berkeley,  CA  94720,  USA 


Abstract 

One  of  the  critical  issues  for  the  development  of  Laser 
Wake  Field  Acceleration  (LWFA),  which  has  the  promise 
of  creating  table-top,  GeV  accelerators,  is  the  loading  of 
beamlets  into  the  accelerating  buckets.  All  optical 
injection  schemes,  which  include  LILAC  [D.  Umstadter  et 
at,  Phys.  Rev.  Lett.  76,  2073  (1996)],  beat-wave  colliding 
pulse  injection  [E.  Esarey  et  al,  Phys.  Rev.  Lett.  14,  2682 
(1997)],  wave  breaking  injection,  and  phase-kick 
injection,  provide  a  technique  for  doing  so.  Although  a 
single  bunch  can  have  desirable  properties  such  as  energy 
spread  of  the  order  of  a  few  percent,  femtosecond 
duration,  and  low  emittance  (<1  mm-mrad),  recent 
simulations  show  that  such  methods  lead  to  efficiencies  of 
transfer  of  plasma  wave  energy  to  beam  energy  that  are 
low  compared  with  conventional  RF  accelerators  when 
only  a  single  pulse  is  generated.  Our  latest  simulations 
show  that  one  can  improve  on  this  situation  through  the 
generation  of  a  beamlet  train.  This  can  occur  naturally 
through  phase-kick  injection  at  the  front  of  the  train  and 
transverse  wave  breaking  for  the  trailing  pulses.  The 
result  is  an  efficiency  improvement  of  the  order  of  the 
number  of  beamlets  in  the  train. 

INTRODUCTION 

Plasma-based  accelerators  [1,2]  can  excite  and  sustain 
very  high  longitudinal  electric  fields  that  may  overcome 
many  of  the  limitations  found  in  conventional  RF 
accelerators.  More  precisely,  the  longitudinal  electric 
fields  can  be  as  large  or  larger  than  the  nonrelativistic 
wavebreaking  field  Eq  =  cm^tHple,  where  0)^  is  the 
electron  plasma  frequency,^and  is  the  electrra  plasma 
density.  For  =  10^®  cm’^,  the  electric  field  is  =  100 
GV/m,  which  is  approximately  three  orders  of  magnitude 
greater  that  obtained  in  conventional  RF  linacs. 

One  widely  investigated  and  very  promising  concept  is 
the  Laser  Wake  Field  Accelerator  (LWFA)  [3],  in  which  a 
laser  drives  a  wake  field  in  the  plasma,  and  the  wake  field 
then  accelerates  electrons.  Self-trapping  and  acceleration 
of  electrons  have  been  demonstrated  though  many 
experiments  in  the  self-modulated  (long-pulse)  LWFA 
[4],  with  recent  results  [5]  showing  acceleration  to  200 
MeV  over  a  distance  of  3mm  (66  GV/m).  In  this  case  the 
wake  field  grows  through  the  modulational  instability  to 
the  point  where  wave  breaking  occurs.  The  resulting 
electron  beams  typically  have  100%  energy  spreads.  In 
the  short-pulse  regime,  where  the  length  of  the  laser  pulse 
is  of  the  order  of  the  plasma  wavelength,  Xp  =  Inda  , 
one  can  create  clean  wake  fields,  but  then  one  has  the 
problem  of  injecting  electron  bunches  into  those 
accelerating  fields.  Such  bunches  would  have  to  be 


extremely  short,  with  length  of  the  order  of  the  laser  pulse 
length,  i.e.,  multiple  femtoseconds.  These  requirements 
are  beyond  current  technology  including  that  of 
photocathode  radio-frequency  electron  guns. 

For  this  reason,  all-optical  injection  schemes  have  been 
proposed.  Pulse  propagation  down  a  density  ramp  leads 
[6,7]  to  wave  breaking,  which  then  causes  beams  to  form. 
In  the  LILAC  scheme  [8]  a  second,  transversely 
propagating  laser  beam  crosses  the  wake  field,  and  the 
ponderomotive  kick  of  the  second  beam  injects  particles 
up  into  the  accelerating  region  of  phase  space.  In  the 
beat-wave  scheme  [9,10]  three  colliding  pulses  are  used. 
Two  pulses  propagate  in  the  forward  (acceleration) 
direction.  The  pump  (lead)  pulse  generates  a  fast  (phase 
velocity  near  the  speed  of  light)  wake  field.  A  trailing 
pulse  follows  the  pump.  The  third,  backward  pulse  passes 
through  the  lead  pulse  transparently,  as  it  has  orthogonal 
polarization,  but  then  interacts  strongly  with  the  trailing 
pulse,  which  has  the  same  polarization.  In  the  phase-kick 
scheme  (discussed  below),  there  are  only  two  collinear 
and  oppositely  propagating  pulses.  This  scheme  works 
when  the  pump  pulse  has  large  amplitude,  which  makes 
the  generated  wake-field  have  more  favorable  beam 
confinement  properties.  In  this  case,  the  backward  pulse, 
of  orthogonal  polarization,  causes  a  small  change  in  the 
phase  of  some  electrons,  displacing  them  into  the 
accelerating  region  of  phase  space. 

In  our  simulations  of  phase-kick  injection  we  observed 
that  multiple  beamlets  could  be  formed.  Through  a  series 
of  longer  simulations  we  further  determined  that  these 
beamlets  extended  back  over  as  many  as  eight  trailing 
buckets,  the  total  length  that  we  simulated.  Ultimately  we 
have  concluded  that  transverse  wave  breaking  is  the 
source  of  this  additional  injection.  This  has  been 
confirmed  by  simulations  with  only  a  single  pump  pulse. 
In  this  case,  plasma  electrons  spontaneously  load  the 
wake  field.  Hence,  it  may  be  possible  to  produce  a  long 
train  of  beamlets,  with  such  perhaps  a  method  for 
increasing  the  efficiency  of  transfer  of  plasma  wave 
energy  to  energy  of  accelerated  electrons. 

PLASMA  TO  BEAM  TRANSFER 
EFFICIENCY 

Production  of  only  a  single  beamlet  has  efficiency 
disadvantages.  The  efficiency  rj  of  just  the  conversion 
from  wake  field  energy  to  plasma  energy  is  optimistically 
estimated  by  the  ratio  of  the  energy,  Nj^eE  Lp,  extracted 
by  the  particles  in  the  beam  by  the  peak  electric  field 
Ep=k  Op  (kp=tiiptc)  in  one  plasma  wavelength  divided  by 
the  plasma  wave  energy,  which  is  given  in  linear  theory 

by 
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W  =  £q  j  dz  jdxdyE^  . 

Z  -oo 

For  2  a  2  wake  field  with  transverse  dependence 
exp(-r  /w\  one  ^btains  the  estimate 
=ftr(mc  /ne^  )/{l+4/kp  w\  where  ff^  =  Nyn  X  nw 
is  the  trapping  fraction,  which  is  the  ratio  of  the  number 
of  beam  particles  in  an  accelerating  bucket  to  the  number 
involved  in  creating  one  wavelength  of  the  wake  field. 
This  is  what  dominantly  determines  the  efficiency,  as  the 
remaining  factors  are  of  order  unity. 

The  trapping  fraction  has  been  calculated  in  a 
number  of  test-particle  and  self-consistent  simulations. 
One-dimensional,  test-particle  calculations  [9]  find  that 
the  trapping  fraction  can  be  as  high  as  19%.  However,  in 
two-dimensional  calculations,  both  test-particle  [10]  and 
self-consistent  [11],  it  is  generally  observed  that  the 
trapping  fraction  has  a  maximum  value  beyond  which  the 
parameters  of  the  beam  (emittance,  energy  spread,  etc.) 
are  poor.  This  trapping  fraction  is  much  smaller,  more 
bke/^^  =  SxlO"^,  thus  implying  an  efficiency  that  is  orders 
of  magnitude  below  that  of  conventional  accelerators. 


Fig.  1.  The  potential  energy  for  a  pulse  with  normalized 
amplitude  a=l  .7. 


PHASE-KICK  INJECTION 

Phase-kick  injection  can  occur  at  large  pump 
amplitudes,  where  the  nature  of  the  wake  field  becomes 
more  favorable  to  particle  capture  and  confinement. 
Figure  1  shows  the  potential  energy  e<b  wake  field  from  a 
2D  simulation  where  the  incoming  pulse  has  a  peak 
amplitude  of  =  eEpImtac  =  1.7.  (The  negative  electron 
charge  is  denoted  by  e.)  As  this  figure  shows,  the  region 
of  negative  potential  expands  dramatically.  In  addition, 
even  the  faces  of  the  accelerating  phase  for  positive 
potential  acquire  the  curvature  required  for  focusing.  The 


result  is  that  a  small  phase  kick  applied  to  the  plasma 
electrons  can  put  them  on  an  invariant  curve  that  is  both 
accelerating  and  focused. 

This  has  been  verified  through  two-pulse' simulations 
with  the  VORPAL  code  [12].  The  pump  pulse  peak  pulse 
amplitude  was  given  by  Op  =  1.7  and  the  backward  pulse 
had  =  0.8.  The  plasma  wavelength  was  40  )tm,  the 
laser  pulses  were  20  pm  long  and  40  pm  wide.  The 
beamlet  propagated  for  of  the  order  of  a  mm.  A  full 
illustration  of  the  djmamics  is  not  possible  within  this 
space-limited  proceedings,  so  we  show  only  the  final 
result  for  the  longitudinal  phase  space  in  Fig.  2. 


Fig.  2.  Longitudinal  phase  space  for  a  beamlet  produced 
through  phase-kick  injection.  The  abscissa  shows  roughly 
five  plasma  wavelengths  or  200  pm.  The  average 
relativistic  factor  y  of  the  particles  is  about  55. 

SPONTANEOUS  BEAMLET  TRAIN 
GENERATION 

Just  behind  the  first  beamlet  in  Fig.  2  one  can  see  traces 
of  a  second  beamlet.  This  seems  somewhat  reasonable,  as 
phase-kick  injection  could  possibly  work  for  each  of  the 
accelerating  buckets  of  the  wake  field.  To  test  this,  we 
carried  out  much  longer  simulations.  As  a  result  we 
found  that  we  were  generating  beamlets  in  each  of  the 
buckets  back  through  the  length  of  the  simulation.  At  first 
we  thought  that  each  of  the  trailing  beamlets  was 
generated  by  phase-kick  injection  interaction  with  the 
plasma  particles  at  their  oscillation  peaks.  This,  along 
with  a  knowledge  of  the  accelerating  gradient,  allows  one 
to  predict  the  energies  of  the  successive  beamlets.  As  the 
prediction  did  not  agree  with  our  observations,  we  began 
examining  new  mechanisms.  Ultimately  we  found  that 
the  far  trailing  beamlets  were  generated  with  no  backward 
pulse  and  arbitrarily  slow  density  ramp. 

An  example  of  the  beamlet  train  generation  by  a  single 
pulse  is  shown  in  Fig.  3.  In  this  case,  the  pump  pulse  has 
^p~l-7,  with  the  simulation  region  being  10  plasma 
wavelengths  long.  Other  parameters  are  as  mentioned 
above.  After  roughly  1  mm  of  propagation,  the 
spontaneously  formed  beams  found  in  the  5*  to  6* 
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buckets  back  are  seen  to  have  been  accelerated  to 
relativistic  factors  of  the  order  of  30. 


o  o  o  o 

o  o  o  o 


X 

Fig.  3.  Spontaneous  injection  by  a  single  pump  pulse. 

We  believe  that  the  cause  of  this  is  transverse  wave 
breaking  [13].  The  plasma  oscillations  have  a  smaller 
frequency  in  the  center  of  the  wake  field,  as  average  the 
relativistic  factor  and,  hence,  the  effective  mass  is  larger. 
This  difference  in  frequency  ultimately  causes  wavelength 
shortening  to  the  point  of  wave  breaking,  which  then 
injects  the  particles  into  the  accelerating  and  focusing 
region  of  phase  space. 

Further  work  shows  that  we  can  combine  the 
spontaneous  particle  injection  with  one  of  the  other 
mechanisms,  such  as  phase-kick  or  beat-wave  injection,  to 
obtain  a  continuous  sequence  of  pulses. 

SUMMARY  AND  CONCLUSIONS 

Our  simulations  show  that  one  can  generate  beamlet 
trains  through  combining  injection  due  to  transverse  wave 
breaking  with  another  form  of  injection.  This  has  the 
potential  for  increasing  the  efficiency  of  LWFA  systems, 
as  each  beamlet  then  reuses  the  plasma  wave  energy.  For 
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a  case  of  N  generated  beamlets,  one  would  then  have  an 
efficiency  increase  by  a  factor  of  N.  Of  course,  this  would 
require  some  method  for  continuing  to  energize  the 
plasma  wake  field  so  that  the  trailing  beamlets  gain  the 
same  energy  as  the  leading  beamlets.  A  possibility  is  to 
have  trailing,  smaller  laser  pulses  that  re-energize  the 
plasma  wake  field. 

On  the  other  hand,  for  early  experiments  our  results 
might  indicate  that  observation  of  well  formed  beams  will 
be  difficult  due  to  the  required  temporal  discrimination. 
This  can  be  seen  in  Fig.  3,  in  which  the  beams  are 
separated  by  130  fs.  Eventually  each  of  the  bunches  does 
form  a  beam  througb  naturally  occurring  focusing 
collimation.  However,  with  each  successive  beamlet  of 
lower  energy,  the  collection  after  a  modest  acceleration 
distance  continues  to  have  100%  energy  spread. 

To  improve  upon  this  situation,  we  have  now  come  up 
with  two  methods  for  obtaining  single  beamlets.  These 
methods  involve  modifying  the  wake  field  so  that  it  exists 
over  only  one  or  a  few  plasma  wavelengths.  In  the  first 
method,  propagation  in  an  appropriately  chosen  channel 
leads  to  wake  field  damping  in  just  a  few  plasma 
wavelengths.  As  a  result,  only  the  first  bucket  has 
sufficient  potential  energy  such  that  the  separatrix  extends 
far  enough  down  that  particles  can  be  captured.  Giacone 
et  a/  [14]  have  now  observed  this  process  via  simulations 
with  VORPAL.  In  the  second  method,  we  follow  the 
pump  pulse  with  a  second  pulse  that  absorbs  the  wake 
field  generated  by  the  pump  pulse,  in  accordance  with  the 
theory  of  [15].  Again  only  a  single  beamlet  is  produced. 
We  believe  that  approaches  like  these  may  lead  to  the 
observation  of  optically  injected,  well-formed  beams. 
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Abstract 

Some  of  the  basic  scaling  laws  of  future  dielectric 
optical  accelerator  are  re-examined. 

1  INTRODUCTION 

Indications  that  solid-state  lasers  will  reach  wall-plug  to 
light  efficiencies  of  30%  or  more  make  a  laser-driven 
vacuum-accelerator  [1-2]  increasingly  appealing.  Since  at 
the  wavelength  of  relevant  lasers,  dielectrics  may  sustain 
significantly  higher  electric  field  and  transmit  power  with 
reduced  loss  comparing  to  metals,  the  basic  assumption  is 
that  laser  accelerator  structures  will  be  dielectrics.  For 
structures  that  have  typical  dimensions  of  a  few  microns, 
present  manufacturing  constraints  entail  either  planar 
structures  or  acceleration  structures  with  a  higher  degree 
of  symmetry,  similar  to  optical  fibers.  The  former  require 
re-evaluation  of  many  of  the  scaling  laws  [3]  that  were 
developed  for  azimuthally  symmetric  structures  whereas 
the  latter  have  some  inherent  advantages,  but  thermal 
gradients  as  well  as  heat  dissipation  may  become  critical 
impediments.  Efficiency,  emittance  and  heat  flow  scaling 
laws  that  have  been  developed  recently  will  be  presented. 

2  EFFICIENCY 

One  of  the  major  questions  that  will  determine  the  fate 
of  any  fiiture  accelerator  is  the  efficiency  since  it  is 
natural  to  require  acceleration  of  the  largest  number  of 
electrons  at  the  minimal  input  power  i.e.,  maximum 
efficieney.  Denoting  the  laser  power  injected  in  the 
strueture  by  and  the  resulting  gradient  at  the  location 

of  the  electrons  ,  it  is  possible  to  define  the 

interaetion  impedance  as 

characterizes  any  acceleration  structure;  in  this  expression 

is  the  wavelength  in  the  vacuum.  This  laser  pulse 
accelerates  a  buneh  {Q)  that  as  it  moves  in  an  arbitrary 
aceeleration  structure  generates  an  electromagnetic  wake. 
Associated  with  this  wake  there  is  a  decelerating  electric 
field  component  (  E^^^ )  which  by  virtue  of  the  linearity 
of  Maxwell’s  equations,  must  be  proportional  to  Q. 
Therefore,  without  loss  of  generality  it  is  possible  to 
assume  that  there  is  an  effective  transverse  dimension 
denoted  by  ,  determined  by  the  details  of  the 
structure  and  the  bunch,  such  that  E^^  ^IQIAns^  R^^f . 


Since  it  is  possible  to  establish  the  power  associated 
with  the  wake-field,  P^^^^=QvE^^,  then  the 
impedance  definition  as  previously  implies 

■^wake  “l^dec'^l  ^  =  Zq  /  2/r  wherein  Zg  is 

the  vacuum  impedance.  For  example,  the  interaction 
impedance  of  the  photonic  band-gap  structure  analyzed  in 
Ref.  2,  has  an  interaction  impedance  of  Zj^t  =19.50  at 

1pm  and  for  an  accelerating  gradient  of  IGV/m  the  total 
power  required  is  about  50kW.  Furthermore,  since  the 
radius  of  the  vacuum  tunnel  is  R=0.678Z  and  it  may  be 

demonstrated  [3-5]  that  R^^  =  1.23R ,  then  Z^,^,  =860 . 

With  these  two  impedances,  it  is  possible  to  determine 
the  effective  (loaded)  gradient  as 


—P&cc  -^dec  ~  -  ~ 


QcZ 


'wake 


(1) 

A~ 

therefore,  the  gain  in  the  kinetic  energy  of  the  bunch  in 
structure  of  length  L  is  =QE^ffL  whereas  the  total 
electromagnetic  energy  stored  in  the  structure  is 

Pgr  Where  Tf  is  the  fill¬ 
up  time  and  cp^  is  the  group  velocity.  Based  on  these 

two  energy  definitions,  the  efficiency  of  the  acceleration 
process  is 


g(eo-e) 


Ql 


(2) 


wherein  0„  = 

i 


4ser  Z^^-P^ 


)2o  = 


Z-JPlaser  ■^int 
cZ„ 


V  ^wake  C  ^-^wake 

Clearly,  maximum  efficiency  occurs  for  an  optimal  value 
of  the  charge  given  by  Q^^^  =  QQ/2m  which  case  the 
value  of  this  efficiency  is 


^max 


.2  a 


1  A 


gr 


4  1- 


Agr  ^wake 


(3) 


implying  that  the  maximum  efficiency  is  determined  by 
the  ratio  of  the  impedances  and  the  group  velocity.  For 
the  PBG  structure  mentioned  above  [2],  the  group 
velocity  is  0.58c  therefore  the  maximum  possible 
efficiency  is  7.86%.  It  is  likely  that  considerations  of 
energy  spread  will  lead  to  charges  and  efficiencies  below 
the  optimum  values. 
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3  EMITTANCE 

In  an  azimuthally  symmetric  structure,  the  ratio  of  the 
transverse  force  to  the  longitudinal  force  is  virtually 

If,  /f  1 »  y~^ 

negligible  since  it  is  proportional  to  '  '  .On 

the  other  hand,  in  a  non-symmetric  stmcture  of  a  typical 
transverse  dimension  a,  the  ratio  of  the  two  forces  is 

1-^1  I  ^la ^  numerical  simulations  [3]  of  a 
bunch  of  30GeV  electrons  indicate  that  the  relative 
change  in  the  emittance  is  drastically  affected  by  the 
transverse  dimension  specifically,  the  relative  change  in 
the  emittance  across  10cm  long  acceleration  structure 
when  the  wavelength  is  I  =  1/rm  scales  like 


5e  : 


j(out)  _  ^(in) 


(4) 


here  Eacc=l  [GV/m]  and  the  initial  bunch  length  was  90®. 
The  parameters  b  and  v  depend  on  the  radius  of  the  beam 
(Fj)  and  in  case  Fj  =3pm  the  coefficients  are  Z>=15.4 

and  V  =  4.4 .  The  bunch  length  (Aj)  also  affects  the 
emittance.  A  similar  analysis  shows  that  if  \a.x\  <  90® , 
the  eiriittance  change  is  quadratic  in  Kx  namely, 

&  =  l.lx(A;jf/180®)S  (5) 

here  Fb=3|am  and  a=20|am.  In  order  to  maintain  low 
emittance  change  in  a  single  acceleration  module  it  is 
necessary  to  “symmetrise”  the  structure  by  constructing 
each  module  by  sets  of  four  non-symmetric  segments 
each  one  rotated  by  90®.  For  a  typical  transverse 
separation  of  (a=)  20pm,  an  initial  bunch  radius 
Fb=2pm,  an  average  energy  30GeV  with  energy  spread  of 
1%  and  bunch  length  of  3.6® 


&-=4.14 


1  +  (A,,/15)' 


-1 


(6) 


where  As,  is  the  number  segments.  For  400  segments  the 
emittance  increase  in  a  Im  long  acceleration  structure  is 
0.6%,  entailing  a  maximum  segment  length  of  2.5mm. 


4  THERMAL  CONSIDERATIONS 

Although  dielectric  materials  are  known  to  have  low 
ohm  loss  there  still  is  an  important  aspect  of  temperature 
gradients  and  heat  dissipation.  For  investigating  this 
phenomenon  consider  a  hollow  dielectric  (£■)  fiber  of 

internal  radius  F|„,  (=l[pm])  and  external  radius 

F^^t(-30[pm])  An  electromagnetic  pulse  propagates 

along  this  fiber  and  due  to  the  Ohmic  loss,  represented 
here  by  tan  <5,  it  is  assumed  that  the  thermal  energy 
generated  within  the  fiber  volume  is  extracted  from  the 
outer  surface  where  it  is  in  contact  with  a  perfect  thermal 
conductor  thus  its  temperature  change  vanishes  hence 
AF(r  =  Fj^,)  =  0  .  At  the  inner  wall  there  is  no  thermal 
power-flow  towards  the  vacuum  thus 
[dAF  /  dr](r  =  Fj„, )  =  0  .  Both  thermal  characteristics  of 


the  stracture,  heat  conductivity  tr.!.  seem® K]  and 
diffusion  coefficient  D[sec/m^]  are  assumed  to  be 
uniform  across  the  structure.  Subject  to  the  boundary 
conditions  mentioned  above,  the  variation  in  temperature 
(AT)  across  the  structure  may  be  determined  using  the 
diffusion  equation  driven  by  the  electromagnetic  power 
loss  density.  Since  on  the  scale  of  one  period  of  the  wave 
(2;r/<»g  = /l/c=:3fsec)  there  are  no  temperature 
variations,  the  electromagnetic  power  loss  density  is 
averaged  over  one  period  of  the  radiation  field.  The 
solution  is  fiirther  simplified  by  the  following 
assumptions: 

W  (''gr^p)  «F. /-Rext  wherein  v^^  is  the  group 


velocity  and  /  F^^,  represents  the  typical  transverse 
variation  of  the  temperature, 

(ii)  the  diffusion  time  is  much  longer  than  the  pulse 
duration  ( =  DF'„  »  . 


For  convenience,  the  temperature  change  can  be 


normalized  with 


a.jD 


-EtdiaS 


heat  flow  with  — s  tan  5 

DR„ 


^  ^0 

Px.  ^0 
^Fi  c 


and  the 


.  Figures 


1  and  2  illustrate  these  two  normalized  quantities  for  the 
power  distribution  shown  in  Figure  3  representing  the 
energy  flux  distribution  in  a  Bragg  structure  acceleration 
structure  [6]. 

For  Zirconia  (Zr02 ):  tan  (5  =  lO"" ,  £•  =  2  a  total  laser 
power  of  F,=10[kW],Z,„,  =100[Q],  F,„=30[pm], 


•^ini  =0.5  [pm] ,  Tp  =  l[psec] ,  ct.^  =  2[W/m°K]  and 

Z)  =  1.15xl0‘[sec/m^] .  The  normalizing  heat  flux  is 
Qs  =46[W/cm^]  whereas  the  normalizing  temperature 


is  T^-TY^.  Zirconium  has  been  chosen  since  it  is  a  good 
thermal  insulator  thus  the  typical  diffusion  time 
Tp  {=  =l[msec])  is  nine  orders  of  magnitude  larger 
than  the  pulse  duration  (~  1  [psec]) . 

Figure  1  reveals  a  rapid  increase  in  temperature  (at 
r  =  F|„, )  from  zero  to  a  maximum  and  then  exponential 
decay  on  a  time-scale  significantly  shorter  than  the 
diffusion  time  (rp).  Investigating  the  behavior  on  the 
scale  of  the  laser  pulse  duration  we  find  a  linear 

increase  from  zero  to  the  maximum  value  occurring  at  the 
end  of  the  pulse.  Using  the  estimate  of  Fn  we  conclude 
that  the  peak  change  in  temperature  is  AF^,^  =  0. 1°  K  . 

While  the  temperature  variation  at  r  =  F.p,  occurs 
virtually  instantaneously  with  the  laser  pulse,  the  heat 
reaches  the  output  radius  with  a  delay  of  the  order  of  the 
diffusion  time  -  see  Figure  2;  accordingly,  the  maximum 
heat  flow  to  be  dissipated  is  -0.01[W/cm^] . 
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Figure  1:  Variation  in  time  of  the  normalized  temperature 
at  r  =  . 


Figure  2:  The  variation  in  time  of  the  normalized  heat 
flow  at  /■  =  . 


These  two  estimates  account  for  a  single  pulse.  In 
practice,  a  repetition  rate  of  about  50  MHz  will  be 
required  in  order  to  satisfy  the  luminosity  requirements  on 
the  one  hand  and  heat  dissipation  on  the  other  hand.  As 
already  indicated,  the  heat  is  deposited  on  the  time  scale 
of  the  pulse  duration  (r^  -Ipsec)  but  it  is  dissipated 

along  a  diffusion  time  (r^  ~  0.1msec).  Consequently, 

heat  from  many  laser  pulses  may  accumulate  before  the 
dissipation  affects  the  heat  balance  therefore,  rather  than 
considering  the  instantaneous  power-loss  (pioss )  averaged 
over  one  radiation  period,  we  consider  the  density  power 
loss  averaged  over  one  period  of  the  repetition  rate  {T„) 

of  the  system.  With  this  approach  in  mind,  it  is 
convenient  to  define  the  thermal  trans-conductanee  as  the 
ratio  of  the  heat  flow  to  the  temperature  increase  at  the 
two  relevant  locations  thus  in  normalized  terms  it  reads 


G  = 


R 

crA7’<"''>  ■ 

max 


(7) 


Simulations  indicate  that  it  is  weakly  dependent  on  the 
internal  radius  -  less  than  5%  when  0.3  <  R,^J  X<  0.8  - 
but  quite  significantly  dependent  on  the  confinement 
parameter  (7)  G  =  0.26 +0.05/ F/l  for  0.2<r;i<0.8. 


Specifically,  for  F  —  0.3/  X  and  =  0.5>^  it  was  found 
that  G  =  0.42  . 


Maximum  average  temperature  was  found  to  be 
=59‘’[K]  whereas  the  energy  flux  is 
^max  =160[W/cm^].  This  energy  flux  represents  a 
passive  dissipation  process  but  by  virtue  of  the  linearity  of 
the  system,  if  a  fraetion  of  these  160  [W/cm^]  are 
extracted  actively  with  a  thermo-coupler,  we  may  actually 
cause  the  temperature  change  at  the  vacuum-dielectrie 
interface  to  be  significantly  reduced. 
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Figure  3:  Transverse  variation  of  the  energy  flux. 
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Abstract 

A  precis  is  given  of  a  critical  review  of  a  few  advanced 
acceleration  concepts  that  involve  neither  plasma  nor 
periodic  metallic  slow-wave  structures.  These  so-called 
“vacuum  accelerators”  are  either  externally  driven  using 
powerful  rf  or  laser  sources,  or  internally  driven  using 
strong  wake  fields  set  up  by  a  train  of  drive  bunches. 
Merits  and  limitations  of  each  concept  are  given,  and 
speculations  are  advanced  on  the  potential  of  each  to 
mature  into  a  practical  accelerator  for  use  as  a  tool  in 
high-energy  physics  or  other  scientific  applications. 

INTRODUCTION 

Recent  Particle  Accelerator  Conferences  and  Advanced 
Accelerator  Concepts  Workshops  have  included  a 
category  of  ideas  under  the  rubric  Electromagnetic 
Structure-Based  Acceleration — a  catchall  for  concepts  not 
involving  plasma  or  traditional  disk-loaded  metallic 
structures  [1].  Division  of  such  concepts  into  slow-wave 
and  fast-wave  interactions  is  not  uncommon. 

Slow-wave  concepts  can  involve  dielectric-loaded 
waveguides  excited  at  either  microwave  or  optical  wave¬ 
lengths.  Early  experiments  with  dielectric-lined  metallic- 
wall  cylindrical  microwave  structures  [2]  showed  that 
design  and  fabrication  issues  at  the  input  coupler  and  the 
dielectric-wall  interface  demanded  serious  attention  if  the 
anticipated  accelerating  gradient  was  to  be  achieved.  The 
nature  of  the  limitations  to  achievement  of  accelerating 
gradients  competitive  with  those  for  disk-loaded  metallic 
structures  is  a  topic  of  continuing  research  [3].  Other 
slow-wave  concepts  include  planar  dielectric  structures 
(see  below)  and  photonic  band  gap  structures  [4].  Any  of 
these  guided  wave  structures  can  be  driven  externally, 
using  rf  or  laser  pulses,  or  internally  using  wake  fields 
from  one  or  more  driving  bunches.  Fast-wave  concepts 
include  the  inverse  free  electron  laser  IFEL  [5],  and  the 
laser  autoresonance  cyclotron  accelerator  LACARA  [6]. 

The  selected  acceleration  concepts  discussed  in  this 
paper  include  a  multi-cavity  proton  accelerator  MCPC 
and  LACARA,  as  examples  of  externally-driven  fast- 
wave  interactions,  and  wake  field  acceleration  in  a  planar 
dielectric-lined  structure — a  beam-driven  slow-wave 
interaction.  Speculations  are  advanced  on  the  potential  of 
each  to  mature  into  practical  accelerators  for  use  as  tools 
in  high-energy  physics  or  other  scientific  applications. 
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MULTI-CAVITY  PROTON  CYCLOTRON 

The  currently-favored  choice  for  a  high  intensity  1-GeV 
class  proton  accelerator  for  a  high-power  neutron 
spallation  source  is  a  superconducting  linac  (SCL).  For 
example,  a  700  MHz  SCL  with  an  average  acceleration 
gradient  of  8.6  MV/m  has  been  described  for  proton 
acceleration  from  0.20  to  1.2  GeV  in  a  10  MW  source  [7]. 
In  paper  TPPG056  in  these  Proceedings,  Wang  et  al  give 
parameters  for  a  >100  MW,  1  GeV  proton  accelerator  that 
uses  a  cascade  of  TE,,,  cavities  in  a  nearly-uniform  8-T 
magnetic  field  [8].  This  multi-cavity  proton  cyclotron 
MCPC  has  the  virtues  of  a  relatively  high  effective 
acceleration  gradient  (~40  MV/m),  modest  surface  fields 
on  the  walls  of  the  room-temperature  cavities  (<7  MV/m), 
high  efficiency  (-70%  at  122  mA),  large  beam  apertures, 
intrinsic  beam  stability,  wide  injection  phase  window  (2  rf 
cycles  in  the  first  cavity),  and  intrinsic  beam  scanning 
over  a  target.  Against  these  appealing  attributes  one  must 
weigh  the  need  for  a  large  superconducting  solenoid — 25 
m  long  and  ~4  m  in  diameter  in  the  example  given  by 
Wang — in  contrast  to  120  m  of  superconducting  rf 
cavities  in  the  SCL  mentioned  above.  MCPC  is  not 
likely  to  be  practical  for  acceleration  beyond  several  GeV, 
on  account  of  the  required  very  strong  magnetic  field. 
Nevertheless,  this  new  concept  for  a  fast-wave  proton 
accelerator  could  be  a  viable  candidate  to  drive  a  very 
high  power  neutron  spallation  source  or,  at  lower  current, 
for  a  compact  GeV  class  versatile  proton  source.  Testing 
of  a  four-cavity  electron  counterpart  has  been  proposed. 

LASER  CYCLOTRON  AUTORESONANCE 
ACCELERATOR 

The  Woodward-Lawson-Palmer  (WLS)  theorem  states 
that  no  net  acceleration  is  afforded  a  charged  particle 
interacting  linearly  with,  and  passing  without  interruption 
along,  an  unbounded  plane  electromagnetic  wave.  Thus 
authentic  vacuum  acceleration  requires  a  proximate 
medium  to  slow  and/or  refract  the  wave,  a  mirror  or  prism 
to  deflect  the  wave,  or  the  presence  of  another  field  such 
as  a  static  magnetic  field  B.  The  fi-field  WLS  theorem- 
breaker  is  the  key  to  LACARA — laser  cyclotron  auto¬ 
resonance  accelerator,  an  experimental  test  version  of 
which  is  to  be  installed  at  ATF-BNL  as  soon  as  a  long- 
delayed  6-T  solenoid  magnet  is  built  and  installed.  For  a 
two-meter  interaction  length,  corresponding  to  five 
Rayleigh  lengths  for  an  0.8  TW,  10.6  /rm  CO,  laser 
focused  to  a  waist  radius  of  1.2  mm,  acceleration  from  50 
to  100  MeV  is  predicted  for  all  electrons  in  an  injected  nC 
bunch  [6].  This  vacuum  laser-acceleration  scheme  differs 
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in  several  important  respects  from  most  other  laser-based 
accelerators:  in  LACARA  all  electrons  receive  nearly  the 
same  energy  gain;  energy  gain  is  possible  over  many 
Rayleigh  lengths;  no  material  medium  or  gas  is  close  to 
the  beam  path;  and  slippage  between  laser  pulse  and  a 
typical  beam  bunch  is  tolerably  small.  Acceleration 
gradient  scales  roughly  with  the  square  root  of  laser 
power,  but  falls  as  beam  energy  grows.  Curiously,  the 
required  resonance  B-field  strength  falls  as  the  energy 
increases,  in  conformity  with  the  autoresonance  condition. 
In  practice,  the  precise  resonant  B-field  profile  is  not 
necessary,  since  the  interaction  typically  occurs  over  only 
a  small  number  of  orbit  gyrations — of  the  order  of  the 
number  of  Rayleigh  lengths.  On  account  of  falling 
acceleration  gradient  with  increased  energy,  LACARA  is 
not  likely  a  candidate  for  electron  acceleration  to  energies 
above  a  few  100  MeV  but,  as  will  be  discussed  below,  it 
has  a  unique  property  that  enables  generation  of  fs 
bunches  which  themselves  could  drive  a  high-gradient, 
high-energy  accelerator. 

FORMING  FEMTOSECOND  PLANAR 
BUNCHES  FROM  A  LACARA  BEAM 

After  exiting  LACARA,  as  the  strong  solenoidal  B-field 
tapers  smoothly  towards  zero,  individual  electron  orbits 
follow  diverging  linear  paths  that  are  sequentially 
displaced  in  azimuth  at  the  optical  frequency.  When  a 
10.6  ;tm  COj  laser  is  used,  these  paths  recycle  every  35.3 
fs.  For  a  LACARA  as  described  above  with  an  injected 
50  MeV  beam  having  rms  emittance  of  1.5  nm,  the  orbits 
trace  a  donut  with  a  diameter  of  about  3  mm  and  a 
thickness  of  about  0.5  mm  on  a  beam  stop  150  cm  from 
the  LACARA  center.  If  a  hole  is  cut  in  the  beam  stop  to 
pass  10%  of  the  beam,  then  a  sequence  of  3.5  fs  bunches 
emerges  through  it  [6].  (The  beam  stop  must  of  course  be 
thick  enough  to  stop  the  other  90%  of  the  beam.)  If 
several  such  holes  are  cut  into  the  beam  stop,  then  several 
trains  of  3.5  fs  (~  1  /tm)  bunches  emerge,  following  paths 
that  diverge  from  one  another.  These  separate  trains  can 
be  reunited  using  quadrupole  lenses.  For  a  1  ps,  1  nC 
bunch  accelerated  in  LACARA,  each  train  would  contain 
28  3.5  fs  bunches,  each  with  a  charge  of  3.5  pC.  This 
scheme  is  the  optical  counterpart  of  the  microwave 
“choppertron”  [9].  Obviously,  the  size  of  the  hole  in  the 
beam  stop  can  be  altered  to  form  bunch  widths  larger  or 
smaller  than  3.5  fs,  and  the  number  of  reunited  trains  of 
such  bunches  can  be  selected  as  well.  Such  variations  can 
be  effected  merely  by  changing  a  single  element  in  the 
arrangement — the  beam  stop. 

Formation  of  a  roundish  beam  chopped  as  described 
above  into  a  beam  with  planar  transverse  profile  has  been 
shown  possible  by  use  of  a  single  quadrupole  lens  [10]. 
For  the  3.5  fs  bunch  example  above,  a  quad  of  strength 

3.5  kG-cm  ’  is  able  to  form  a  profile  of  width  3400  fan 
and  height  68  /tm  (a  50:1  aspect  ratio)  at  a  distance  of 

21.5  cm  from  the  beam  stop.  A  train  of  28  or  more  such 
l-fxm  long  planar  bunches  would  thus  be  generated  for 
subsequent  use,  for  example  as  discussed  next. 


MICRON-SCALE  HIGH  GRADIENT 
WAKE  FIELD  ACCELERATOR  DRIVEN 
BY  FS  PLANAR  ELECTRON  BUNCHES 

In  paper  TPPG038  of  these  Proceedings,  Fang  et  al 
show  calculations  and  simulations  for  the  wake  fields  set 
up  by  a  train  of  fs  planar  bunches  prepared  using  a 
LACARA  beam,  as  described  above,  that  pass  through  the 
vacuum  channel  between  two  parallel  planar  dielectric- 
lined  metal  plates  [11].  The  structure  analyzed  in  [11] 
employed  two  1.9  pm  thick,  300  pm  high  slabs  with 
relative  dielectric  constant  e  =  3.0  deposited  on  copper, 
with  a  vacuum  gap  of  15.0  pm.  Such  a  configuration  is 
appealing  for  generation  of  intense  wake  fields  for 
acceleration  because  it  can  be  fabricated  using 
microelectronics  technology,  it  is  fixed  and  rigid  and  thus 
suitable  for  assembly  in  a  manifold  staged  array,  it 
supports  intense  wake  fields  fi-om  pC  planar  bunches,  and 
it  supports  relatively  weak  higher-order  modes  that  can 
even  provide  transverse  focusing. 

A  single  1  pC,  3.3  fs  bunch  with  height  150  pm  and 
width  10  pm  can  be  shown  to  generate  a  wake  field  with  a 
peak  accelerating  gradient  of  70  MV/m,  mainly  in  the 
lowest  TM-like  mode  of  the  structure;  constructive 
superposition  of  the  wake  fields  of  ten  such  bunches,  each 
spaced  by  the  wake  field  period,  can  be  shown  to  generate 
a  peak  accelerating  gradient  of  61 8  MV/m  for  a  test  bunch 
at  a  distance  of  1.14  mm  behind  the  drive  train.  At  this 
location,  higher-order  transverse  wake  forces  can  be 
shown  to  be  focusing,  yielding  a  5x10  pm^  beam  spot 
about  6  cm  along  the  structure,  with  stable  betatron 
oscillations  in  transverse  beam  profile  that  persist  for  at 
least  50  cm  along  the  structure.  This  result  suggests  that 
acceleration  to  the  GeV  level  could  be  possible  in  a  single 
module  of  such  a  structure,  without  need  for  external 
focusing. 

Simulations  using  the  PIC  code  KARAT  for  the  same 
structure  show  that  superposition  of  longitudinal  wake 
fields  occur  much  as  in  the  computed  results,  but  only  in  a 
•  erenkov  radiation  zone  that  trails  each  drive  bunch; 
close  to  the  structure  entrance  a  transition  radiation  zone 
exists  with  fields  much  weaker  than  those  nearer  the 
bunch;  in  an  intermediate  zone  •  erenkov  and  transition 
radiation  overlap  and  interfere  with  one  another.  A 
theoretical  model  yielding  comparable  results  for  a  single 
wake  field  mode  in  a  solid  cylindrical  dielectric 
waveguide  has  been  recently  published  [12].  These 
complicated  effects  near  the  structure  entrance  are  not 
fully  understood  but,  in  any  case,  should  not  be  of  undue 
influence  for  structures  whose  lengths  far  exceed  their 
largest  transverse  dimension.  One  can  still  conclude  that 
stable  ~GV/m  accelerating  wake  fields  can  be  excited  by 
a  periodic  train  of  planar  bunches  in  a  dielectric-lined 
micron-scale  planar  structure. 

OPINIONS  AND  SPECULATIONS 

Exploration  of  novel  advanced  accelerator  concepts  is  a 
fascinating  and  rewarding  pastime.  However,  if  utility  to 
the  scientific  community  and  benefit  to  society  at  large 
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are  to  be  taken  into  account,  it  is — in  the  author’s 
opinion — incumbent  upon  researchers  to  occasionally 
take  stock  of  their  work  and  speculate  as  to  whether  a 
practical  accelerator  might  emerge  after  maturation  of  any 
of  the  new  concepts  that  they  study.  In  particular,  for  use 
as  a  tool  in  future  high  energy  physics  research,  an 
accelerator  must  not  face  insurmountable  basic  obstacles 
preventing  it  from  reaching  the  TeV  energy  range  for 
electrons  and  positrons,  and  tens-of-TeV  energies  for 
protons.  In  addition,  the  beam  luminosity  must  not  be 
prevented  by  insurmountable  obstacles  from  reaching  the 
range  10“  cm'^  sec  *.  On  the  other  hand,  if  the  accelerator 
is  to  be  used  in  other  areas  of  research  or  applications, 
different  practical  criteria  will  apply.  For  example,  a 
proton  driver  for  a  high-power  neutron  spallation  source 
or  sub-critical  nuclear  reactor  would  require  GeV-level 
energy  and  10-100  MW  beam  power;  while  an  electron 
beam  source  with  femtosecond  or  attosecond  bunches  for 
direct  excitation  and  study  of  atomic,  chemical, 
biological,  or  nuclear  transients  (or  for  indirect  excitation 
using  x-rays  generated  by  the  bunches)  would  need  be  of 
moderate  energy  (probably  lOO’s  of  MeV  at  most), 
moderate  charge/bunch  (sub-nC),  but  with  good  energy 
resolution,  low  emittance,  and  good  bunch  length 
definition.  Considerations  for  industrial  or  medical 
accelerators  invoke  additional  questions  of  size,  cost, 
efficiency,  and  shielding. 

In  view  of  what  is  stated  above  for  the  several  vacuum 
acceleration  concepts  discussed  in  this  paper,  it  appears  to 
be  beyond  present  understanding  for  either  MCPC  or 
LACARA  to  reach  TeV  energies;  the  former  because  of 
the  unrealizable  magnetic  field  strength  required,  the 
latter  because  of  the  inverse  relationship  between 
acceleration  gradient  and  beam  energy.  However,  it 
seems  that  each  concept  might  be  developed  for  other 
applications;  MCPC  for  a  high-power  proton  driver,  and 
LACARA  to  prepare  a  beam  for  chopping  into  fs  or  sub- 
fs  bunches.  The  planar  wake  field  accelerator  concept  is 
perhaps  capable  of  staging,  and  thus  could  conceivably  be 
operated  with  many  stages  each  providing  GeV-level 
energy  gains.  This  would  require  a  mechanical  design 
capable  of  maintaining  stable  micron-scale  tolerances 
over  meter-long  structures. 

Achievement  of  high  luminosity  for  MCPC  translates  to 
the  issues  of  beam  extraction  and  emittance,  since  high 
average  current  appears  to  pose  no  limitation.  But  for 
LACARA  and  a  planar  wake  field  accelerator  driven  by  a 
beam  prepared  in  LACARA,  achievement  of  high 
luminosity  translates  into  need  for  a  TW-level  CO^  laser 
with  a  pulse  repetition  rate  of  lOO’s  of  kHz.  The  author  is 
unqualified  to  speculate  on  the  likelihood  for  realization 
of  such  a  laser,  not  to  mention  its  cost. 

These  evident  limitations  notwithstanding,  it  is  the 
author’s  opinion  that  continued  study  of  these  and  other 
advanced  accelerator  concepts  is  definitely  warranted,  not 


only  to  deepen  basic  physical  understanding,  but  also  to 

guard  against  missing  out  on  any  unforeseen  discovery 

that  might  significantly  alter  the  prospects. 
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Abstract 

It  is  demonstrated  that  a  planar  Bragg  reflection  waveg¬ 
uide  consisting  of  a  series  of  dielectric  layers  may  form 
an  acceleration  structure.  It  is  shown  that  an  interaction 
impedance  per  wavelength  of  over  lOOfi  is  feasible  with 
existing  materials,  Silica  (e  =  2.1)  and  Zirconia  (e  = 
4),  and  if  materials  of  high  dielectric  coefficient  become 
available  in  the  future,  they  may  facilitate  an  interaction 
impedance  per  wavelength  closer  to  5000. 

1  INTRODUCTION 

Indications  that  solid-state  lasers  will  reach  wall-plug 
to  light  efficiencies  of  30%  or  more  make  a  laser-driven 
vacuum-accelerator  increasingly  appealing.  Since  at  the 
wavelength  of  relevant  lasers,  dielectrics  may  sustain  a  sig¬ 
nificantly  higher  electric  field  and  transmit  power  with  re¬ 
duced  loss  comparing  to  metals,  the  basic  assumption  is 
that  laser  accelerator  structures  will  be  made  of  dielectrics. 
Closed  optical  structures  and  near-field  accelerators  with 
dimensions  comparable  to  the  wavelength  are  both  being 
considered.  Examples  of  these  two  are:  a)  the  LEAP  [1] 
crossed  laser  beam  accelerator  where  the  interaction  be¬ 
tween  the  crossed  laser  beams  and  the  particles  is  limited 
by  slits  to  satisfy  the  Lawson- Woodward  theorem  [2,  3], 
and  b)  the  photonic  band-gap  (PBG)  concept  where  a  laser 
pulse  is  guided  in  a  dielectric  structure  with  a  vacuum  tun¬ 
nel  bored  in  its  center  [4].  Lithography,  which  would  result 
in  planar  structures,  and  optical  fiber  drawing  are  manu¬ 
facturing  techniques  that  seem  well  suited  for  laser  driven 
stmctures  that  have  typical  dimensions  of  a  few  microns. 

Motivated  by  the  low-loss  Bragg  dielectric  planar  mir¬ 
rors  used  in  high-power  lasers,  it  is  suggested  to  harness 
this  concept  in  order  to  confine  the  laser-field  in  an  opti¬ 
cal  acceleration  strucmre.  Its  essence  is  to  form  a  hollow 
dielectric  waveguide  consisting  of  an  almost  perfect  reflec¬ 
tor  made  of  a  planar  array  of  quarter-wavelength  dielectric 
layers.  In  the  transverse  direction  the  geometry  is  similar 
to  that  of  a  dielectric  mirror,  however,  its  characteristics  are 
slightly  different  since  the  wave  number  has  a  significant 
component  (k  =  iv/ c)  parallel  to  the  dielectric  surfaces, 
whereas  in  the  case  of  a  high-power  laser  mirror,  the  wave 
impinges  perpendicularly. 

2  DESCRIPTION  OF  THE  SYSTEM 

Consider  a  planar  symmetric  dielectric  waveguide 
id/dy  =  0),  as  illustrated  in  Fig.  1,  which  has  a  vac¬ 
uum  inner  layer  of  width  2£)int  and  surrounding  periodic 
layers  made  of  two  lossless  materials  e",  the  first  layer 


Figure  1 :  Planar  dielectric  waveguide. 


having  a  relative  dielectric  coefficient  Each  layer  has 
a  thickness  and  a  dielectric  coefficient  gy.  Assuming 
a  steady-state  regime  we  focus  on  a  mode  having  a 
phase  velocity  equal  to  the  speed  of  light,  or  explicitly  in 
the  vacuum  layer  the  electromagnetic  field  reads, 

E,  =  Eoe-J  0^ 

Ex=  j-xEoe~^‘i=‘ 

c  (1) 

Hy  =  ——xEoe~^o^ 

Vo  c 

and  the  field  components  within  some  dielectric  layer  u  are 
Ez  =  -f  ^ 

wherein 

=  Vo^e^  -  l/£j,  (3) 

is  the  transverse  wave  impedance  and 

K  =  -  1  (4) 

is  the  transverse  wavenumber.  Imposing  the  continuity  of 
Ex  and  Hy  at  the  interfaces  between  the  dielectric  layers,  a 
plane-wave  matrix  formulation  is  obtained.  Given  the  ge¬ 
ometry  and  the  dielectric  coefficients  of  a  waveguide  that 
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supports  the  mode  (1),  the  amplitudes  in  the  second  layer 
are  dependent  only  on  the  vacuum  fields.  Imposing  the 
continuity  of  the  fields  at  the  second  boundary,  we  get  that 
the  amplitudes  in  the  second  layer  depend  only  on  the  first 
and  so  forth,  so  that  the  amplitudes  are  determined  from 
inside  out. 


3  FIELD  CONFINEMENT 

Analysis  of  the  transverse  propagation  in  the  x  direction 
is  performed  similarly  to  [5].  Assuming  an  infinite  pe¬ 
riodic  structure,  Floquet  theorem  leads  to  an  eigen-value 
problem  for  the  possible  modes,  and  maximum  attenua¬ 
tion  per  unit  cell  is  seen  to  be  achieved  for  the  case  of 
quarter-wavelength  width  layers.  According  to  (4),  each 
layer  width  should  be  A/(4v'e  —  1).  and  an  exponential 
decay  is  obtained.  The  attenuation  in  one  period  is  given 
by  the  ratio  of  the  lower  to  higher  wave  impedances  of  the 
two  dielectric  layers.  In  case  of  a  plane  wave  impinging 
perpendicularly  upon  a  planar  interface,  the  impedance  is 
Z  =  r]Ql\/e,  whereas  if  the  wave  has  a  phase  velocity  c 
in  the  z  direetion  then  the  wave  impedance  is  (3),  which 
clearly  has  a  maximum  for  e  =  2. 

The  above  description  of  the  confinement  process,  is  of 
an  infinite  and  ideal  Bragg  reflector.  In  case  of  a  finite 
structure  imposed  by  the  vacuum  tunnel,  the  design  con¬ 
straints  on  the  first  layer  are  different.  The  first  layer,  whose 
amplitudes  are  completely  determined  by  Dmt/X  and 
should  be  of  such  width  that  at  the  interface  with  the  next 
layer,  the  perfect  reflection  condition  is  met.  It  may  be  con¬ 
ceived  as  a  matching  layer  between  the  vacuum  region  to 
the  subsequent  periodic  structure,  as  it  rotates  the  ampli¬ 
tude  vector  dictated  by  the  vacuum  mode,  to  overlap  the 
eigen-vector  of  the  periodic  stmcture.  Confinement  entails 
vanishing  real  part  of  the  transverse  component  of  the  com¬ 
plex  Poynting  vector,  meaning  that  in  each  dielectric  layer 
there  is  a  standing  wave.  Taking  Eq  to  be  real  without  loss 
of  generality,  we  get  =  B^.  It  is  therefore  evident  that 
for  the  structure  to  truly  support  the  mode,  there  must  be 
an  infinite  number  of  layers,  otherwise  energy  would  ’’es¬ 
cape”  and  there  would  be  no  confinement.  In  a  practical 
structure,  the  number  of  layers  should  be  sufficient  so  that 
the  outward  power  flow  is  negligible. 

Fig.  2  illustrates  a  typical  spatial  distribution  of  the  lon¬ 
gitudinal  electric  field  as  well  as  the  total  electric  field  for  a 
structure  made  of  Silica  (e'  =  2.1)  and  Zirconia  =  4), 
and  jDint  =  0.3A.  It  shows  that  is  uniform  in  the 
vacuum  layer  while  oscillating  and  decaying  exponentially 
in  the  Bragg  layers.  Another  feature  is  that  vanishes 
and  achieves  a  maximum  alternately  at  the  discontinuities, 
which  can  be  proved  to  be  mathematically  equivalent  to 
the  quarter-  wavelength  condition.  Accordingly,  the  trans¬ 
verse  electric  field  E^,  derived  from  Ez  with  respect  to  x,  is 
maximal  and  discontinuous  whenever  Ez  is  zero,  and  zero 
whenever  Ez  peaks.  The  total  electric  field  in  turn  under¬ 
goes  a  discontinuity  every  second  interface. 

Since  our  goal  is  to  keep  the  energy  as  confined  as  pos¬ 


sible  in  the  vacuum  inner  layer,  i.e.,  maximal  interaction 
impedance,  we  may  choose  one  of  the  dielectric  materials 
to  have  £  =  2,  and  the  other  dielectric  as  large  as  pos¬ 
sible.  This  will  indeed  create  maximum  attenuation  per 
unit  cell,  however  the  interaction  impedance  depends  on 
the  total  flowing  power  outside  the  vacuum  layer,  which 
tends  to  grow  when  low  dielectric  coefficient  materials  are 
used  and  the  layers  become  thicker.  Consequently,  there 
exists  a  tradeoff  between  creating  high  contrast  between 
the  two  materials,  and  using  low  dielectric  coefficient  ma¬ 
terials.  For  instance,  choosing  one  dielectric  material  to 
have  £  =  2  and  the  the  other  as  small  as  possible  would  re¬ 
sult  in  high  attenuation  per  period,  but  very  low  interaction 
impedance. 


Figure  2:  A  typical  distribution  of  the  longitudinal  electric 
field  and  the  total  electric  fieldfAnt  =  0.3A,  —  2.1, 

£"  =  4). 


4  ACCELERATOR  PARAMETERS 

4.1  Interaction  Impedance 

The  interaction  impedance  is  a  measure  of  the  accel¬ 
erating  gradient  experienced  by  the  electrons  for  a  given 
amount  of  power  injected  into  the  system.  Denoting  by 
P  the  flowing  power  per  unit  length  of  y,  the  interac¬ 
tion  impedance  per  unit  length  is  defined  by  Z-^at  — 
|ASol^  /P-  Assuming  that  the  materials’  characteristics  are 
known  =  2.1,  =  4)  and  so  is  the  laser  wavelength 

(A),  the  only  free  parameter  left  is  the  width  of  the  internal 
vacuum  layer  2Zlint.  Based  on  simulations,  it  was  found 
that  for  0.3  <  Dint/A  <  0.8,  the  best  fit  for  the  interaction 
impedance  is  given  by 

=  2.1,  e“  =  4)  ~  1.124  -  3.561^ 
rioX  A 


+  4.258 


1.823 


Dint 

A 


(5) 
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which  means  decreases  monotonically  from  about 

147f2  to  about  260. 

Holding  the  vacuum  region  width  to  a  constant  value 
(Ant  =  0.3A),  Fig.  3  shows  the  contours  of  constant 
interaction  impedance  as  a  function  of  Since 

no  confinement  is  expected  when  the  medium  is  uniform 
(£i  =  eii),  the  interaction  impedance  is  virtually  zero  on 
the  diagonal.  Similarly,  when  either  one  of  the  dielec¬ 
tric  coefficients  is  close  to  unity,  the  thickness  of  the  layer 
being  proportional  to  1/ \/e  —  1  Implies  large  confinement 
space  and  therefore,  low  interaction  impedance.  In  between 
these  three  minima  regions  there  are  two  asymmetric  re¬ 
gions  of  maximum  interaction  impedance.  The  asymme¬ 
try  is  dictated  by  the  choice  of  the  dielectric  consisting  the 
first  layer  (e^).  For  the  vacuum  layer  width  chosen  here, 
a  larger  impedance  is  obtained  when  the  first  layer  is  of 
lower  value,  but  this  trend  may  change  for  a  different  value 
of  Ant-  Clearly,  a  high  dielectric  coefficient  can  signif¬ 
icantly  increase  the  interaction  impedance.  For  example, 
taking  Silica  for  the  first  layer  and  a  material  with  e  =  25 
for  the  second  layer,  leads  to  an  interaction  impedance  per 
wavelength  of  47in. 


4.3  Maximum  Electric  Field 

The  last  parameter  of  interest  is  the  maximum  electric 
field  sustained  by  the  structure  before  breakdown.  Ac¬ 
cording  to  (1)  the  magnitude  of  the  electric  field  vector  in¬ 
creases  from  a  local  minimum  on  axis,  to  a  larger  value 


at  the  vacuum-dielectric  discontinuity;  for  most  practical 
purposes  this  may  also  be  considered  the  maximum  electric 
field  -  fact  revealed  also  by  the  bottom  frame  of  Fig.  2.  For 
avoiding  breakdown  it  is  assumed  that  the  fluence  threshold 
of  the  material  limits  the  maximum  field  to  about  2GV/m. 
Therefore,  bearing  in  mind  that  the  gradient  of  interest  is 
of  the  order  IGV/m,  then  Eq.  (7)  entails  the  inner  layer 
half-width  should  be 

^  =  2  Ant  ^  0.28A  (8) 

5  CONCLUSION 


Figure  3:  Contours  of  constant  interaction  impedance 
■^int/A[G]  as  a  function  of  (e^  e”),  with  Ant  =  0.3A. 


In  the  present  study  we  have  designed  and  analyzed 
an  accelerator  based  on  a  Bragg  reflection  waveguide, 
where  the  layers  have  a  width  of  a  quarter  of  the  trans¬ 
verse  propagation  wavelength  A/(4-/£  -  1).  An  interac¬ 
tion  impedance  per  wavelength  of  over  lOOH  is  feasible 
with  existing  materials.  Materials  of  high  dielectric  coef¬ 
ficient  can  significantly  improve  the  interaction  impedance 
per  wavelength  to  hundreds  of  Ohms. 

The  planar  structure  provides  a  good  analogy,  especially 
asymptotically,  to  a  hollow  cylindrical  Bragg  fiber  acceler¬ 
ator.  A  cylindrical  structure  would  have  a  higher  interac¬ 
tion  impedance  than  a  planar  structure  for  an  internal  ra¬ 
dius  i?int  =  Ant  for  two  reasons.  For  a  given  gradient 
the  maximum  field  would  be  smaller  as  the  radial  electric 
field  Er  =  ^  would  be  smaller  by  a  factor  of 

2.  The  second  reason  is  that  in  addition  to  the  radial  expo¬ 
nential  decay,  in  the  cylindrical  case  there  would  be  a  1/r 
decay  due  to  the  cylindrical  wave  functions. 


4.2  Energy  Velocity 

Denoting  the  energy  density  by  wen,  we  define  the  av¬ 
erage  energy  per  unit  length  as  IF  4  dx  and 

the  energy  velocity  is  defined  by  wen/c  =  P/{cW).  Ac¬ 
cording  to  our  simulations,  for  0.3  <  Ant /A  <  0.8,  the 
energy  velocity  increases  monotonically  from  about  0.42c 
to  about  0.53c.  As  before,  the  best  fit  of  the  simulation 
results  is  given  by 

v)’  ») 
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Abstract 

Recent  experiments  and  simulations  have  shown  that 
positron  beams  propagating  in  plasmas  can  be  focused  and 
also  create  wakes  with  large  accelerating  gradients.  For 
similar  parameters,  the  wakes  driven  by  positron  beams 
are  somewhat  smaller  compared  to  the  case  of  an  electron 
beam.  Simulations  have  shown  that  the  wake  amplitude 
can  be  increased  if  the  positron  beam  is  propagated  in  a 
hollow  plasma  channel  (Ref.  1).  This  paper,  compares 
experimentally,  the  propagation  and  beam  dynamics  of  a 
positron  beam  in  a  meter  scale  homogeneous  plasma,  to  a 
positron  beam  hollow  channel  plasma.  The  results  show 
that  positron  beams  in  hollow  channels  are  less  prone  to 
distortions  and  deflections.  Hollow  channels  were 
observed  to  guide  the  positron  beam  onto  the  channel 
axis.  Beam  energy  loss  was  also  observed  implying  the 
formation  of  a  large  wake  amplitude.  The  experiments 
were  carried  out  as  part  of  the  E-162  plasma  wakefield 
experiments  at  SLAC. 

INTRODUCTION 

In  the  "blow  out"  regime  of  the  plasma  wakefield 
accelerator  (PWFA)  a  high  density  electron  beam  exerts  a 
large  radial  force  on  the  plasma  electrons,  creating  a  nearly 
uniform  ion  column.  As  the  beam  passes  through, 
plasma  electrons  rush  back  to  neutralize  the  ions  creating 
a  large  amplitude  wake  following  the  drive  beam.  The 
wake  can  be  used  to  accelerate  electrons  in  a  trailing  beam, 
or  electrons  in  the  tail  of  the  drive  beam  can  be  used  to 
probe  the  wake. 

The  ion  column  acts  as  a  thick,  underdense,  plasma 
lens,  with  a  large  focusing  strength  thus  producing 
multiple  betatron  oscillations  as  shown  in  reference  2. 
For  a  uniform  ion  column  the  force  on  the  beam  is  linear 
with  radius.  In  this  case,  the  beam  can  propagate  without 
distortion  or  emittance  growth. 

In  the  case  of  a  positron  beam,  plasma  electrons  flow  in 
to  neutralize  the  beam  in  a  very  dynamic  way.  As  the 
beam  passes  through,  these  plasma  electrons  rapidly  exit 
leaving  a  large  amplitude  wake  behind.  Due  to  the  large 
reservoir  of  plasma  electrons  surrounding  the  beam, 
electrons  can  be  pulled  in  continuously.  Some  overshoot 
and  pass  through  the  beam  or  oscillate  about  the  beam 
axis.  The  resulting  focusing  forces  are  nonlinear  and  vary 
with  r  and  z  along  the  beam  as  shown  in  Ref.  3.  At  best. 


nonlinear  but  symmetric  forces,  result  in  emittance 
growth  and  beam  halo  formation. 

A  radially  inhomogeneous  plasma  can  create  a  deflection 
or  distortion  of  an  electron  beam  due  to  the  creation  of  an 
asymmetric  ion  column.  Similarly,  positron  beams  can 
be  deflected  or  distorted  due  to  a  radially  asymmetric  flow 
of  plasma  electrons  to  one  part  of  the  positron  beam  or 
another.  Also,  electron  or  positron  beams  with  head  to 
tail  tilts  can  be  deflected  and  distorted.  This  is  because 
forces  on  axially  misaligned  beam  slices  will  have  a 
focusing  component  plus  a  transverse  deflecting 
component.  These  distortions  and  deflections  are 
experimentally  unwanted  and  have  often  been  observed 
during  E-162  runs. 

Hollow  channel  plasmas  can  guide  a  positron  beam. 
Ions  on  the  channel  wall  repel  the  beam  and  confine  it  on 
axis.  The  physical  mechanism  and  results  are  discussed 
further  below. 

EXPERIMENTAL  SET  UP 

The  experiment  was  conducted  at  SLAC  as  part  of  the 
PWFA  work  known  as  E-162.  The  experiment  was 
located  at  the  Final  Focus  Test  Beam  Facility  (FFTB). 
The  set  up  and  measurement  details  are  described  in  many 
other  papers  (See  references).  Here  we  give  only  a  brief 
description.  The  28.5  GeV  positron  beam  was  focused  to 
the  entrance  of  a  uv  photoionized  lithium  plasma. 
Typical  beam  parameters  were,  2xl0‘°  positrons  per 
bunch,  600  pm  rms  bunch  length,  with  a  25  pm  beam 
size  at  the  plasma  entrance.  The  SLAC  beam  emittance 
was  increased  due  to  scattering  from  foils  and  from  a  thin 
uv  coupling  mirror  placed  in  the  beam  line.  The  beam 
emittance  at  the  plasma  entrance  was  about  2x10’^  m-r. 

A  column  of  lithium  vapor,  140  cm,  long  was  produced 
in  a  heat  pipe  oven  (Ref.  4).  A  uv  ArF  laser  was  used  to 
single  photon  ionize  the  lithium  vapor.  For  these 
experiments,  the  plasma  density  was  proportional  to  uv 
fluence  (J/cm^).  The  plasma  density  ranged  from  (0  - 
2)xl0'^  cm'^.  An  axially  uniform  plasma  can  be  produced 
by  focusing  the  laser  to  compensate  for  uv  absorption. 
Axial  variations  in  plasma  density  do  not  significantly 
alter  the  resulting  transverse  dynamics  of  the  beam  as  long 
as  the  scale  of  the  density  variation  is  larger  than  the 
betatron  wavelength.  When  absorption  is  taken  into 
account,  the  radial  plasma  profile  mimics  the  laser  profile. 
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The  plasma  channel  was  produced  by  placing  a  mask  in 
the  center  of  the  uv  laser  beam.  The  mask  diameters  used 
were  1  mm  and  .6  mm.  An  ideal  plasma  channel  with 
rigid  walls  like  that  described  in  Ref.  1,  would  be  difficult 
to  produce  due  diffusion  of  the  plasma.  Since  the  laser 
fires  ~  200  ns  before  the  positron  beam  arrives,  this 
allows  some  time  for  diffusion  to  take  place.  We  believe 
the  beam  is  propagating  in  something  more  like  a  density 
depression  than  an  ideal  rigid  channel.  In  any  case  this 
will  be  referred  to  as  a  hollow  channel  as  well. 
Comparison  to  the  case  without  a  channel  was  performed 
for  the  same  conditions  by  removing  the  mask. 

The  beam  spot  size  and  location  was  monitored  by 
optical  transition  radiators  (OTR)  located  upstream  (US) 
and  downstream  (DS)  of  the  plasma.  Focusing  and 
transverse  dynamics  were  observed  on  the  DSOTR  verses 
a  uv  count  which  is  proportional  to  the  plasma  density. 
Monitoring  of  the  incoming  beam  parameters  was  a 
simple  matter  of  toggling  the  uv  laser  so  that  no  plasma 
was  produced. 

An  imaging  spectrometer  was  set  up  to  monitor  the 
changes  in  beam  energy  after  traversing  the  plasma.  A 
permanent  dipole  bending  magnet  was  used  to  disperse  the 
beam  and  quadrupole  lenses  were  used  to  image  the  beam 
from  the  plasma  exit  to  an  aerogel  Cherenkov  radiator 
(CR).  Imaging  assures  that  the  observed  beam  energy  is 
true  and  not  due  to  transverse  effects.  The  magnetic 
dispersion  is  about  10  cm  or  300  MeV  /mm.  The  CR 
was  imaged  onto  a  CCD  camera  where  changes  of  the 
beam  energy  were  observed.  CR  light  was  also  imaged  on 
to  a  streak  camera  (SC)  where  changes  in  the  beam  energy 
along  the  pulse  were  monitored. 

The  incoming  beam  has  a  correlated  energy  spread  of 
about  350  MeV  with  the  higher  energy  in  the  head. 
Observation  of  energy  gain  of  tail  electrons  is  difficult 
unless  they  gain  enough  energy  to  be  clearly  seen  above 
the  energy  of  the  head.  By  streaking  the  beam  energy  in 
time,  we  can  look  at  the  change  in  energy  along  the  beam, 
particularly  the  energy  loss  of  the  middle  of  the  beam  and 
energy  gain  of  the  tail  electrons. 

RESULTS 

Figure  1  compares  the  beam  images  at  the  DSOTR 
with  no  plasma,  to  plasma  with  and  without  a  channel. 
With  the  channel  the  beam  propagated  and  focused  without 
distortion.  Without  a  channel  the  beam  was  focused,  but 
has  an  unwanted  distortion.  Figure  2  shows  the  average 
beam  deflection  verses  uv  counts,  without  the  hollow 
channel.  All  the  points  are  for  the  same  input  beam 
parameters.  The  beam  was  deflected  without  the  channel 
indicating  the  plasma  profile  was  radially  inhomogeneous 
and  or  the  beam  was  tilted.  In  contrast  the  beam  was  not 
deflected  but  rather  guided  with  the  hollow  channel. 
Guiding  occurs  when  the  positron  beam  is  misaligned  or 
at  a  small  angle  to  the  hollow  channel  axis.  The  build  up 


of  ions  on  the  channel  wall,  confine  the  beam  by  repelling 
the  beam  toward  the  channel  axis. 


Figure  1.  Comparison  of  positron  beam  images  at  the 
DSOTR  for  a)  no  plasma  b)  plasma  with  a  hollow 
channel  c)  plasma  without  a  channel . 
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Figure  2.  Average  beam  deflection  verses  uv  counts 
(proportional  to  plasm  density)  for  a  plasma  without  a 
hollow  channel. 

Random  shot  to  shot  misaligment  of  the  beam  to  the 
hollow  channel  axis  occurred  due  to  small  energy 
variations  of  the  beam.  This  resulted  in  steering  from  the 
slightly  misaligned  final  focusing  quads.  Figure  3  shows 
the  beam  trajectory  at  the  US  and  DS  OTR’s  for  200 
shots.  The  open  circles  show  the  correlation  between 
beam  location  on  the  OTR's  without  plasma.  The  crosses 
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show  the  beairi  guiding  with  the  hollow  channel.  The 
beam  moves  toward  the  center  location  in  x,  which 
demonstrates  hollow  channel  guiding.  Similarly  the  beam 
was  also  guided  in  y. 


Figure  3.  Beam  guiding  trajectory  on  DS  vs.  US  OTR. 
The  open  circles  show  the  correlation  between  beam 
location  on  the  OTR’s  without  plasma.  Crosses  show 
when  the  plasma  is  on  the  beam  moves  toward  the  center 
location  of  the  channel  in  x. 

As  noted  above,  the  homogeneous  plasma  actually  has  a 
radial  profile  peaked  on  axis  like  the  uv  laser.  Beams  not 
on  axis  with  the  plasma  were  deflected.  A  beam  on  a 
trajectory  moving  across  the  plasma  axis  would  appear  to 
steer  toward  the  axis.  This  is  not  guiding  as  evidenced  by 
the  fact  that  the  beam  is  deflected  further  as  the  plasma 
density  was  increased. 

The  plasma  dynamics  of  a  positron  beam  propagating  in 
a  hollow  channel  are  illustrated  in  Fig.  4a.  An  annulus  of 
plasma  electrons  are  pulled  toward  the  beam  as  the  beam 
moves  through  the  channel.  Most  of  the  plasma  electrons 
reach  the  beam  axis  as  it  passes  by.  Therefore  very  few 
plasma  electrons  cross  the  beam  allowing  for  propagation 
with  low  distortion  and  deflection.  Figure  4b,  shows  the 
flow  in  of  plasma  electrons  for  the  homogeneous  case. 
Plasma  electrons  cross  the  beam  and  some  oscillate  about 
the  axis  leading  to  nonlinear  focusing  forces  along  the 
beam. 

The  central  portion  of  the  beam  looses  energy  as  it 
propagates  through  the  plasma  channel.  Figure  5, 
compares  CR  images  of  the  energy  spectra  for  no  plasma, 
a  low  density  hollow  channel  and  a  high  density  hollow 
channel  plasma.  At  low  density  we  see  the  beam  is 
focused,  but  no  significant  energy  change.  At  high 
density  the  beam  looses  significant  energy  of  about  200 
MeV.  To  observe  energy  gain  of  the  beam  tail  requires 
further  analysis  of  the  streak  camera  images. 
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Figure  4.  Illustration  of  plasma  dynamics,  a)  with  and  b) 
without  a  hollow  plasma  channel.  Beam  moves  to  the 
left. 
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Figure  5.  Energy  spectrum  of  positron  beam  a)  with  no 
plasma  compared  to  b)  low  density  and  c)  high  density 
hollow  plasma  channels. 
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Abstract 

The  plasma  wakefield  accelerator  (PWFA)  concept  has 
been  proposed  [1]  as  a  potential  energy  doubler  for 
present  or  fiiture  electron-positron  colliders.  Recent 
particle-in-cell  (PIC)  simulations  have  shown  [2]  that  the 
self-fields  of  the  required  electron  beam  driver  can  tunnel 
ionize  neutral  Li,  leading  to  plasma  wake  dynamics 
differing  significantly  from  that  of  a  preionized  plasma.  It 
has  also  been  shown  [3],  for  the  case  of  a  preionized 
plasma,  that  the  plasma  wake  of  a  positron  driver  differs 
strongly  from  that  of  an  electron  driver.  We  will  present 
new  PIC  simulations,  using  the  OOPIC  [4]  code,  showing 
the  effects  of  tunneling  ionization  on  the  plasma  wake 
generated  by  high-density  positron  drivers.  The  results 
will  be  compared  to  previous  work  on  electron  drivers 
with  tunneling  ionization  and  positron  drivers  without 
ionization.  Parameters  relevant  to  the  energy  doubler  and 
the  upcoming  E-164x  experiment  [5]  at  the  Stanford 
Linear  Accelerator  Center  will  be  considered. 

INTRODUCTION 

Plasma-based  accelerators  have  demonstrated 
accelerating  fields  in  excess  of  100  GV/m  (for  a  review, 
see  Ref.  [6]),  which  is  two  to  three  orders  beyond  that  of 
conventional  technology.  The  acceleration  field  in  a 
PWFA  [7,8]  is  generated  by  a  relativistic  electron  or 
positron  beam.  The  self-fields  of  the  drive  bunch  excite  a 
wakefield  that  propagates  close  to  the  speed  of  light,  c. 

We  present  2-D  OOPIC  simulations  of  PWFA 
configurations  for  both  e+  and  e-  drive  beams.  Field- 
induced  tunneling  ionization  is  an  important  effect  that 
has  to  be  considered  when  designing  advanced 
accelerators.  The  electric  field  magnitudes  that  are 
reached  can  be  sufficient  to  tunnel  ionize  certain  neutral 
gases.  The  released  electrons  contribute  to  the  plasma 
density  and  affect  the  physics  of  the  propagating  beam 
and  the  formed  wake. 

Initially,  we  show  results  that  demonstrate  agreement 
with  results  previously  published  by  Lee  et  at.  [3].  Then 
we  show  new  simulations  for  positron  and  electron  beams 
with  expected  E-164x  parameters.  We  studied  both  e+  and 
e-  beams  propagating  in  preionized  plasma  and  in  Cs 
neutral  gas  with  the  same  density  as  in  the  preionized 
plasma  case.  The  plasma  is  created  completely  by 
tunnelling  ionization  for  the  runs  with  Cs.  The  results  for 
the  positron  beams  with  tunnelling  ionization  are  the  first 
such  PIC  simulations.  Our  parameter  studies  from  these 

♦Funded  by  US  DoE  under  grant  no.’s  DE-FG03-02ER83557,  DE- 
FG02-01ER41178,  DE-FG03-95ER40926  &  DE-AC03-76SF00098 
also  University  of  Colorado,  Boulder,  CO  80309,  USA 


simulations  are  summarized  for  both  beams  and  are 
relevant  to  the  design  of  the  E164x  experiments. 

COMPARISON  WITH  PREVIOUS  WORK 

Recently,  Lee  et  al.  [3]  published  results  from  3-D  PIC 
simulations  on  plasma  wakefield  acceleration  of  a 
positron  beam.  We  repeated  these  simulations,  using  2-D 
cylindrical  geometry,  for  both  the  electron  and  positron 
beams.  Some  of  the  relevant  parameters  for  these 
benchmarking  simulations  are  summarized  in  Table  1. 


Table  1 :  Simulation  Parameters 


Quantity 

Benchmarking 

E-164X 

dt[s] 

1-2  X  lO-''* 

1.5x  10'^ 

dz  [itm] 

12.75  -  25 

1 

dr  [p,m] 

6.35  - 12.7 

1 

He  [cm’^J 

4.3  X  10'" 

10'*-  lO” 

DCs  [cm'^J 

- 

10'*- 10” 

CTr  [lim] 

75 

20 

Oz  [nm] 

400 

20 

Nptcls 

2x  10’® 

1  X  10'® 

Ebean,  [GcV] 

30 

30 

In  our  OOPIC  simulations,  a  positron  or  an  electron 
beam  with  Gaussian  distributions  along  the  longitudinal 
and  transverse  directions  is  propagated  in  preionized 
plasma  for  2  cm.  Figure  1  shows  a  surface  plot  of  the 
longitudinal  electric  field  E^  from  the  positron  run  and  a 
lineout  (r  =  0)  in  Fig.  2.  The  peak  accelerating  field  of  210 
MV/m  is  in  excellent  agreement  with  results  in  Ref.  [3]. 


Figure  1 :  Surface  plot  of  Ez  for  a  positron  driver,  using 
parameters  on  the  left  side  of  Table  1. 
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3x10®' 


Figure  2:  Line-out  of  from  Fig.  1,  along  i=0,  for  a 
positron  driver. 


The  corresponding  results  for  the  electron  simulations  are 
shown  in  Fig.’s  3  and  4,  again  showing  excellent 
agreement  with  Ref.  [3]  in  all  aspects,  except  for  the 
details  of  the  narrow  field  spike,  which  is  an  under¬ 
resolved  feature  and  is  not  useful  for  accelerating 
particles. 


S. 


Figure  3:  Surface  plot  of  for  an  electron  driver,  using 
parameters  on  the  left  side  of  Table  1. 
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Figure  4:  Line-out  of  E^  from  Fig.  3,  along  r=0. 

E-164X  PARAMETERS 

We  now  consider  a  new  parameter  regime,  described  by 
the  right-hand  column  of  Table  1,  which  is  relevant  to  the 


planned  E-164x  experiment  at  SLAC  -  a  follow-on  to  the 
presently  running  E-164  experiment.  In  choosing  the 
range  of  densities  to  simulate,  we  considered  Eq.  (1)  of 
Ref.  [3]  - 

ct)) 

which  is  an  approximate  expression  for  the  peak  electric 
field  in  an  electron-driven  PWFA,  derived  from  linear 
theory.  If  Or  and  are  held  fixed,  then  one  can  choose  an 
optimal  density  by  maximizing  E^. 

In  the  limit  that  kpOr  «  1,  one  finds  the  optimal 
density  can  be  expressed  by  the  equation  kp  =  sqrt(2). 
For  the  special  case  kp  a,  =  kp  ,  the  optimal  density  is 
determined  by  kp  Oz  =  1 .  In  general,  the  requirement  is 

-i|- 

For  our  parameters,  the  optimal  plasma  density  is  7xl0'^ 
cm'^,  which  is  comparable  to  the  beam  density  -  putting 
us  into  a  regime  where  linear  theory  is  marginally  valid. 

Figure  5  shows  the  surface  plot  of  E^  for  a  positron 
driver  and  a  100%  pre-ionized  plasma.  The  pe^  value 
just  exceeds  10  GV/m,  which  is  less  than  the  cold  wave¬ 
breaking  field  Eo~25  GV/m,  consistent  with  a  linear 
plasma  response.  Figine  6  shows  a  color  contour  plot  of 
the  electron  number  density  in  the  wake. 


£ 


Figure  5:  Surface  plot  of  E^  for  a  positron  driver  in  a  pre¬ 
ionized  plasma,  using  parameters  on  right  side  of  Table  1. 
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Figure  6:  Contour  plot  of  Oe  for  same  case  as  in  Fig.  5; 
the  high  densities  create  the  large  wake  fields. 
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Figure  7  shows  the  surface  plot  of  for  a  positron 
driver  in  a  neutral  Cs  gas.  The  wakefield  is  remarkably 
similar  to  that  of  the  pre-ionized  case,  shown  above  in 
Fig.  5.  Figure  8  shows  a  color  contour  plot  of  the  electron 
number  density  in  the  wake  -  this  image  differs 
significantly  from  Fig.  6,  because  here  the  wake  electrons 
are  created  locally  by  high  electric  fields. 


Figure  7:  Surface  plot  of  E^  for  a  positron  driver  in  neutral 
Cs,  using  parameters  on  right  side  of  Table  1. 
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Figure  8:  Contour  plot  of  He  for  same  case  as  in  Fig.  7;  all 
wake  electrons  are  generated  via  tunneling  ionization. 


Figure  9:  Variation  of  peak  accelerating  field  with  density 
for  positron  drivers  in  pre-ionized  plasma  &  neutral  Cs. 


The  density  of  the  pre-ionized  plasma,  and  alternatively 
of  the  neutral  Cs  gas,  was  scanned  over  a  range  centered 


on  the  prediction  from  linear  theory.  Figure  9  presents 
the  peak  E^  as  a  function  of  density,  showing  that  for  the 
neutral  Cs  case  it  peaks  at  slightly  higher  density  and  at 
slightly  higher  values  than  for  the  pre-ionized  case. 

These  results  strongly  suggest  that  a  high-density 
positron  driver,  such  as  one  would  find  in  a  “plasma 
afterburner”  scenario,  does  not  require  the  Cs  gas  to  be 
pre-ionized.  Because  it  is  practically  impossible  to  100% 
pre-ionize  a  gas,  the  effects  of  tunneling  ionization  would 
likely  disrupt  the  idealized  wake  by  ionizing  much  of  the 
background  gas.  For  these  reasons,  positron-driven 
PWFA’s  using  a  neutral  gas  like  Cs  show  significant 
promise. 

CONCLUSIONS 

We  have  presented  the  first  PIC  simulations  of  e+ 
drivers  for  a  PWFA,  including  the  effects  of  tunneling 
ionization.  Agreement  with  previous  work  for  a  pre- 
ionized  plasma  was  shown.  For  new  work,  parameters 
relevant  to  E-164x  were  chosen. 

For  E-164x  parameters,  the  results  with  TI  of  neutral  Cs 
are  very  close  to  the  ideal  case  of  a  pre-ionized  plasma. 
In  fact,  the  peak  fields  in  the  TI  case  are  slightly  higher. 
Thus,  one  could  likely  use  neutral  Cs  gas  for  a  full-scale 
“plasma  afterburner”  facility,  which  would  save  the 
expense  and  complexity  of  a  UV  laser  system  for  pre¬ 
ionization. 
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Abstract 

A  worldwide  consensus  has  developed  in  the  interna¬ 
tional  high-energy  physics  community  that  an  electron- 
positron  linear  collider,  with  an  initial  eenter-of-mass  en¬ 
ergy  of  around  500  GeV,  should  be  the  next  energy  frontier 
accelerator.  This  paper  will  review  the  technical  highlights 
of  options  for  the  machine’s  realization,  and  discuss  the  ad¬ 
vantages  and  disadvantages  of  each. 


LINEAR  COLLIDER  MOTIVATIONS  AND 
REQUIREMENTS 

The  international  high-energy  physics  community  has 
concluded  that  a  high-energy,  high-luminosity,  electron- 
positron  linear  eollider,  operating  concurrently  with  the 
Large  Hadron  Collider,  is  necessary  to  explore  and  un¬ 
derstand  electroweak  unification  and  related  physics  at  the 
TeV  energy  scale.  The  underlying  science  indicates  the 
need  for  initial  operation  at  a  center-of-mass  energy  of 
500  GeV,  with  capability  for  upgrade  to  roughly  1  TeV. 
An  average  luminosity  of  roughly  100-150  fb“^/yr  is  re¬ 
quired,  corresponding  to  a  peak  luminosity  of  at  least 
2xl0®^cm“^s“^. 

To  achieve  the  required  luminosity,  beams  with  very  high 
transverse  density  must  be  brought  into  collision.  The 
strong  electromagnetic  fields  of  these  dense  beams  cause 
them  to  radiate  copiously  (producing  “beamstralung”)  dur¬ 
ing  the  collision.  To  limit  this  radiation,  which  in¬ 
creases  the  effective  energy  spread  of  the  beams  and  pro¬ 
duces  background,  “flat”  beams,  with  a  small  vertical-to- 
horizontal  aspect  ratio,  are  used.  For  flat  beams,  the  peak 
luminosity  of  the  linear  collider  is  given  by 


C  [lO^^cm-^s-i] 


^  UIN^Hd 


n[Mw]  . 

Eb  [GeV]  ay  [nm] 


in  which  Eb  is  the  beam  energy,  Pb  is  the  beam  power,  ay 
is  the  vertical  beam  size  at  the  collision  point,  N-y  is  the 
number  of  beamstralung  photons  per  electron,  and  Hd  is 
the  luminosity  enhancement  due  to  beam-beam  focusing  at 
the  collision  point.  To  limit  beamstralung,  must  be  kept 
in  the  range  <2,  for  which  Hd  ~  1.5. 

This  relation  illustrates  the  need  to  collide  beams  with 
the  highest  feasible  beam  power,  and  the  smallest  feasible 
vertical  spot  size.  These  criteria  drive  much  of  the  design 
of  the  linear  collider. 


‘supported  by  the  National  Science  Foundation  under  award  NSF 
PHY-9809799 


LEWAR  COLLIDER  ACCELERATOR 
SYSTEMS 

The  accelerator  systems  required  for  a  linear  collider  in¬ 
clude  electron  and  positron  sources  in  which  the  beams  are 
created,  damping  rings'  in  which  the  beams  are  eooled  to 
low  emittance,  main  linaes  in  which  the  acceleration  takes 
place,  and  beam  delivery  systems  which  bring  the  beams 
into  collision.  In  the  following  sections,  the  options  be¬ 
ing  considered  for  these  accelerator  systems  will  be  de¬ 
scribed,  the  advantages  and  disadvantages  noted,  and  the 
outstanding  technical  challenges  outlined.  A  detailed  pre¬ 
sentation  of  the  leading  issues  can  be  found  in  the  recent  re¬ 
port  of  the  International  Linear  Collider  Technical  Review 
Committee[l]. 


MAIN  LINACS 

The  dominant  technical  systems  in  the  linear  collider  are 
the  main  linaes,  and  the  choice  of  technology  for  the  main 
linac  accelerating  structures  is  the  fundamental  design  de¬ 
cision  for  the  machine. 

Options 

Over  the  past  two  decades,  an  enormous  amount  of  ac¬ 
celerator  R&D  has  been  done  to  develop  technologies  for 
the  main  linaes  which  can  realize  the  demanding  require¬ 
ments  at  an  affordable  cost.  The  fruits  of  this  R&D  are  the 
following  options  for  the  main  linac  accelerating  structures: 

•  superconducting  standing-wave  cavities,  operating 
at  L-band  (1.3  GHz),  developed  by  the  TESLA 
collaboration[2]  at  DESY; 

•  normal-conducting  traveling-wave  cavities,  operating 
at  X-band  (11.4  GHz),  developed  by  the  JLC/NLC 
collaboration[3, 4]  at  SLAG  and  KEK^; 

•  very  high  gradient  normal-conducting  traveling-wave 
cavities,  operating  at  30  GHz,  potentially  capable  of 
reaching  beam  energies  up  to  1.5  TeV,  being  devel¬ 
oped  by  the  CLIC  collaboration[5]  at  CERN. 

The  basic  features  of  the  three  options  are  displayed  in 
Table  1,  for  the  baseline  beam  energy  of  250  GeV,  and  for 
the  upgrade  energy. 

TESLA  utilizes  104  cm  long  9-cell  pure  niobium 
standing-wave  cavities,  operating  at  24  MV/m,  in  a  static 
bath  of  2  K  liquid  helium.  The  choice  of  a  long  RE  pulse 

•  Bunch  compressors  are  also  required,  but  these  systems  will  not  be 
covered  here  due  to  space  limitations. 

C-band  option,  operating  at  5.7  GHz,  is  also  under  consideration  at 
KEK[4]. 


0-7803-7738-9/03/$17.00  ©  2003  IEEE 
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Table  1:  Linear  Collider  Options 


Feature 

TESLA 

JLC/NLC 

CLIC 

RF  frequency  [GHz] 

1.3 

11.4 

30 

Beam  energy  [GeV] 

250 

400 

250 

500 

250 

1500 

Luminosity  [xl0^^cm“^s“^] 

3.4 

5.3 

2.5/2.0 

2.5/3.0 

2.1 

8.0 

Bunch  population  [xl0^°] 

2 

1.4 

0.7 

5 

0 

.4 

Rms  vertical  beam  spot  size  at  IP  [nm] 

5.0 

2.8 

3.0 

2.1 

1.2 

07 

Loaded  accelerating  gradient  [MV/m] 

24 

35 

50 

ISO 

Two-linac  length  [km] 

3 

0 

13.8 

27.6 

5.0 

28.0 

Number  of  accelerating  structures 

20592 

21816 

18288 

37152 

7272 

44000 

Number  of  klystrons 

572 

1212 

4572 

9288 

4‘ 

18 

Linac  cycle  frequency  [Hz] 

5 

4 

150/120 

100/120 

200 

100 

Total  AC  power  for  linac  [MW] 

95 

160 

188/150 

254/305 

105 

319 

Total  beam  power  [MW] 

22.6 

35 

17.4/13.8 

23/27.6 

9.8 

29.6 

Efficiency  (beam  power/ AC  power)  [%] 

23.8 

21.9 

9319.2 

9. 1/9.1 

9.3 

9.3 

(1370  fjLs)  is  made  possible  by  the  ability  of  superconduct¬ 
ing  cavities  to  store  energy  with  minimal  losses.  Because 
of  the  long  RF  pulse,  the  required  peak  RF  power  is  rel¬ 
atively  modest  (240  kW),  despite  the  substantial  average 
beam  power  required  to  achieve  high  luminosity.  Although 
small,  the  cavity  losses  are  deposited  at  2  K,  and  a  large 
cryogenic  plant  is  required  to  accommodate  these  losses. 

JLC/NLC  utilizes  60  cm  long  copper  traveling-wave 
cavities,  operating  at  a  loaded  gradient  of  50  MV/m.  The 
losses  in  the  copper  structure  are  limited  by  the  use  of  a 
short  RF  pulse  (0.4  /xs).  During  the  short  RF  pulse,  the  re¬ 
quired  peak  power  is  quite  high  (56  MW),  necessitating  the 
use  of  high  peak  power  X-band  klystrons,  together  with  a 
pulse  compression  scheme. 

CLIC  uses  50  cm  long  30  GHz  copper  structures,  oper¬ 
ating  at  a  loaded  gradient  of  150  MV/m  and  with  a  very 
short  RF  pulse  (0.13  fis).  Very  high  peak  power  (>200 
MW)  is  required.  As  there  is  no  available  RF  power  source 
at  this  frequency  and  power,  CLIC  uses  two-beam  tech¬ 
nology  to  transfer  power  from  a  low-energy,  high  current 
counter-propagating  electron  beam. 

In  addition  to  accelerating  the  beam,  the  main  linacs 
are  required  to  preserve  the  ultra-low  emittance  generated 
in  the  damping  rings,  which  must  be  delivered  to  the  in¬ 
teraction  point.  The  principal  emittance  dilution  mecha¬ 
nisms  for  an  off-axis  beam  are  dispersive  growth,  driven 
by  energy  spread  in  the  linac  quadrupoles;  and  wakefield- 
induced  growth,  driven  by  the  transverse  wakefields  of 
the  accelerating  structures.  To  control  long-range  wake- 
fields,  the  copper  structures  incorporate  damping  and  de¬ 
tuning  features  in  each  cell,  which  require  precise  fabri¬ 
cation  tolerances.  The  TESLA  cavities  use  higher-order 
mode  dampers  at  the  cavity  ends. 

In  practice,  wakefield  and  dispersive  emittance  growth 
are  controlled  by  alignment  of  the  centers  of  the 
quadrupoles  and  the  structures  to  the  beam.  Since  the 
micron-level  required  precision  cannot  be  attained  in  the 
ab  initio  survey,  elaborate  beam-based  alignment  schemes 


are  required  to  determine  the  “gold  orbit”,  together  with 
feedback  systems  to  maintain  the  beam  on  this  orbit  in 
the  presence  of  natural  and  cultural  ground  motion.  The 
beam-based  alignment  performance  is  limited  by  the  fea¬ 
tures  of  the  beam  instrumentation,  such  as  the  resolution  of 
the  beam  position  monitor  (BPM)  system,  and  the  precision 
of  the  emittance  measurement  system. 

Advantages  and  disadvantages 

The  principal  advantage  of  the  warm  linacs  is  the  high 
accelerating  gradient,  which  allows  a  shorter  linac  than 
TESLA,  for  the  same  final  energy.  Depending  on  the  unit 
costs,  this  can  translate  into  a  cost  advantage.  The  TESLA 
linac  has  two  principal  advantages:  higher  efficiency  and 
reduced  wakefields. 

The  higher  efficiency  of  TESLA  (see  Table  1)  implies 
that  less  average  RF  power,  and  hence  less  capital  invest¬ 
ment  in  RF  hardware,  is  required  for  a  given  luminosity. 
This  is  offset  to  some  extent  by  the  need  for  a  cryogenic 
plant  to  provide  the  ultralow  cavity  temperature.  Nonethe¬ 
less,  even  including  this,  TESLA  is  more  than  twice  as  ef¬ 
ficient  as  the  warm  linacs. 

The  peak  RF  power  is  much  lower  in  TESLA  than  in  the 
warm  linacs.  The  absence  of  the  need  for  pulse  compres¬ 
sion  and  high  peak-power  klystrons  makes  the  high-level 
RF  system  in  TESLA  much  less  elaborate.  The  bulk  of 
the  more  compact  TESLA  RF  system  can  be  housed  in  the 
same  tunnel  as  the  linac  beamline,  while,  for  JLC/NLC,  the 
RF  systems  must  be  housed  in  a  separate  tunnel  parallel  to 
the  linac  beamline  tunnel.  The  single  tunnel  arrangement 
is  less  costly  than  the  dual  tunnel  scheme,  but  has  open 
questions  related  to  reliability  and  maintainability  of  the 
RF  components  in  the  beamline  tunnel. 

TESLA’s  low  frequency  superconducting  cavities  have 
lower  wakefields  than  the  high  frequency  copper  structures, 
leading  to  less  stringent  requirements  on  alignment  toler¬ 
ances  and  on  the  performance  of  beam  position  measure- 
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ment  instrumentation.  Special  structure  BPM’s  in  the  warm 
structures  provide  information  on  the  position  of  the  beam 
relative  to  the  structure.  Since  this  information  is  not  di¬ 
rectly  available  for  the  TESLA  cavities,  ab  initio  cavity  po¬ 
sitioning  is  more  critical  in  this  case.  Cavity  alignment  in 
TESLA  is  complicated  by  the  presence  of  the  cryostat. 

Natural  ground  motion,  and  motion  induced  by  techni¬ 
cal  systems  in  the  tunnel,  will  cause  the  linacs  to  become 
misaligned  with  time.  Feedback  systems  are  required  to 
combat  this  motion.  Pulse  to  pulse  feedbacks  are  gener¬ 
ally  only  effective  up  frequencies  of  roughly  a  tenth  of  the 
linac  cycle  rate,  which  is  much  lower  in  TESLA  than  in  the 
warm  linacs. 

Outstanding  technical  challenges 

The  most  important  R&D  challenge  facing  both  options 
is  a  convincing  demonstration  of  the  design  gradient  in  the 
accelerating  structures,  at  the  design  efficiency  and  relia¬ 
bility. 

For  JLC/NLC,  the  original  1.8  m  long  structures  have 
operated  reliably  at  40-45  MV/m,  but  when  pushed  to 
higher  gradients,  they  exhibited  excessive  breakdown  rates, 
erosion  at  the  irises,  and  evidence  of  pulsed  heating  at  the 
input  couplers.  Redesigns  have  focused  on  shorter  (60  cm) 
structures,  with  lower  group  velocity  and  improved  coupler 
design.  A  structure  of  this  type  has  recently  reached  the 
design  unloaded  gradient  of  65  MV/m,  with  an  acceptable 
breakdown  rate[6].  Several  such  structures  are  being  fab¬ 
ricated  and  will  be  tested  at  SLAC  later  in  2003  and  early 
2004. 

For  TESLA,  a  number  of  9-cell  cavities  have  operated  at 
gradients  in  excess  of  24  MV/m,  the  requirement  for  oper¬ 
ation  at  250  GeV/beam.  Using  the  newly  developed  elec¬ 
tropolishing  procedure  for  cavity  fabrication,  a  9-cell  cav¬ 
ity,  with  input  coupler,  has  exceeded  the  35  MV/m  goal[7], 
required  for  operation  at  400  GeV/beam.  There  are  plans  to 
test  more  such  electropolished  9-cell  cavities  at  35  MV/m 
later  in  2003  and  2004, 

The  high  power  RF  system  required  for  JLC/NLC  offers 
a  number  of  challenges.  High  efficiency  75  MW  X-band 
klystrons,  with  permanent  magnet  focusing  and  operating 
at  120  Hz,  are  needed.  Prototypes  have  been  built  at  SLAC 
and  KEK,  and  the  KEK  prototypes  have  been  successfully 
tested  at  full  peak  power  and  half  the  design  repetition  rate. 
The  high  power  RF  pulses  from  a  pair  of  klystrons  must 
be  further  boosted  by  a  factor  of  3.3  for  delivery  to  a  se¬ 
ries  of  8  accelerating  structures.  The  required  dual-mode 
SLED  II  pulse  compression  system  has  yet  to  be  demon¬ 
strated  at  full  power;  this  demonstration  is  slated  for  later 
this  year.  The  RF  system  for  TESLA  is  less  demanding. 
Several  prototypes  of  the  required  10  MW  multibeam  L- 
band  klystrons  have  met  design  specifications,  but  the  tube 
lifetime  remains  to  be  determined. 

The  extremely  high  gradients  required  for  CLIC,  to¬ 
gether  with  the  novel  character  of  the  two-beam  power 
source,  constitute  severe  challenges.  Gradients  required  for 


the  CLIC  structures  have  been  achieved  using  irises  made 
from  refractory  metals[6],  but  only  with  short  (~  15-30  ns) 
pulses.  The  elaborate  two-beam  pulse  compression  and  fre¬ 
quency  multiplication  scheme  requires  extensive  prototyp¬ 
ing,  planned  for  execution  at  CERN’s  test  facilities  between 
now  and  2008. 

There  also  remain  open  questions  on  the  ability  of  any  of 
the  linacs  to  preserve  the  beam  emittance  to  the  degree  re¬ 
quired.  The  complexity  of  the  required  beam-based  align¬ 
ment  means  that  the  demonstration  of  emittance  preserva¬ 
tion  requires  extensive  simulations.  The  simulations  done 
to  date  have  included  in  only  an  approximate  way  such  ef¬ 
fects  as  dynamic  ground  motion  and  instrumentation  fail¬ 
ures  during  the  determination  of  the  “gold  orbit”.  The  in¬ 
strumentation  requirements  for  beam-based  alignment  have 
been  realized  to  date  only  in  individual  prototypes,  and  will 
be  challenging  to  achieve  in  a  large  scale  system.  Compo¬ 
nent  vibration  at  the  level  of  natural  ground  motion  is  tol¬ 
erable  with  the  use  of  feedback,  but  very  little  additional 
vibration  can  be  allowed  from  cultural  sources,  either  ex¬ 
ternal  to  the  tunnel  or  arising  from  equipment  within  the 
machine. 

ELECTRON  AND  POSITRON  SOURCES 

The  electron  and  positron  sources  must  produce  beams 
with  the  proper  time  structure  and  intensity,  for  injection 
into  the  damping  rings.  The  electron  beam  is  required  to 
have  >80%  polarization.  The  positron  beam  may  be  unpo¬ 
larized,  but  an  option  for  an  upgrade  to  a  polarized  beam  is 
highly  desireable. 

Options 

A  suitable  technology  for  the  electron  source  is  a  laser- 
driven  DC  polarized  electron  gun,  utilizing  a  strained  GaAs 
photocathode,  followed  by  bunching  and  acceleration  sys¬ 
tems.  This  technology,  which  was  utilized  at  the  Stanford 
Linear  Collider  (SLC),  is  adaptable  to  the  needs  of  any  de¬ 
sign. 

The  conventional  technology  for  positron  production  in¬ 
volves  creation  of  unpolarized  positrons  in  a  thick,  heavy 
metal  target,  under  bombardment  by  a  few  GeV  electron 
beam.  An  alternate  technology  for  positron  production  uti¬ 
lizes  a  few  hundred  GeV  electron  beam  to  produce  10-20 
MeV  photons  in  an  undulator.  Positrons  are  produced  when 
the  photons  generate  electromagnetic  showers  in  a  thin  tar¬ 
get.  This  method  can  produce  more  positrons  per  second 
than  the  conventional  technology,  and  if  a  helical  undulator 
is  used,  a  polarized  positron  beam  can  be  produced. 

The  baseline  for  JLC/NLC  and  CLIC  uses  the  conven¬ 
tional  technology  positron  source,  although  three  parallel 
targets  must  be  used  because  of  target  shock  wave  dam¬ 
age  limits.  With  its  long  bunch  train,  TESLA  requires 
twice  as  many  positrons  per  second,  and  the  baseline  de¬ 
sign  achieves  this  using  a  planar  undulator-based  source. 
An  upgrade  to  a  helical  undulator  would  provide  polarized 
positrons. 
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Advantages  and  disadvantages 

The  conventional  positron  source  has  the  advantage  of 
having  an  existence  proof  in  the  SLC  source.  However, 
the  need  for  three  parallel  target  and  collection  systems 
introduces  additional  complexity  and  cost.  Moreover,  the 
positron  emittance  from  the  source  is  sufficiently  large  that 
a  positron  pre-damping  ring  is  required.  In  addition,  there 
is  no  possibility  of  positron  polarization  with  this  option. 

The  undulator-based  positron  source  is  capable  of  pro¬ 
ducing  a  high  positron  flux,  with  a  smaller  emittance  than 
the  conventional  source,  and  can  be  upgraded  to  produce 
polarized  positrons.  However,  such  a  source  has  never  been 
built.  In  addition,  a  high  energy  electron  beam  is  required 
for  its  operation.  This  adds  significant  complexity  to  the 
commissioning  and  operation  of  the  collider. 

Outstanding  technical  challenges 

For  the  electron  source,  the  major  technical  challenge  is 
the  development  of  the  laser  which  illuminates  the  photo¬ 
cathode,  with  the  required  bunch  time  structure  and  bunch- 
to-bunch  intensity  variation  (~1%  for  JLC/NLC  and  CLIC 
~5%  for  TESLA). 

The  conventional  positron  source  should  be  a  straightfor¬ 
ward  extrapolation  from  the  SLC  source.  For  the  TESLA 
undulator  source,  a  135  m  long  permanent  magnet  undula- 
tor  is  planned.  For  both  options,  the  production  target  must 
rotate  at  high  speed  in  a  vacuum  and  radiation  environment, 
which  presents  an  engineering  challenge. 

DAMPING  RINGS 

The  electron  and  positron  beams  from  the  sources  are 
radiation  cooled  in  the  damping  rings  to  produce  ultralow 
transverse  emittance  flat  beams,  suitable  for  acceleration  in 
the  main  linacs  and  high  luminosity  collisions  at  the  inter¬ 
action  point.  Most  of  the  radiation  damping  in  these  rings 
is  provided  by  wigglers. 

Options 

The  length  of  the  bunch  train  required  by  the  linac  is 
a  major  determining  factor  in  the  design  of  the  damping 
rings. 

For  JLC/NLC  and  CLIC,  the  bunch  train  is  sufficiently 
short  that  a  2  GeV  damping  ring  of  a  few  hundred  meters  in 
circumference  is  sufficient  to  store  three  trains.  TESLA  has 
a  bunch  train  which  is  roughly  290  km  in  length.  A  ring  of 
this  size  would  be  expensive,  so  the  bunch  train  is  stored  in 
the  ring  in  a  compressed  format,  with  about  20  ns  between 
the  bunches.  The  minimum  bunch  spacing  is  set  by  the 
pulse  length  of  the  injection  and  extraction  kickers.  Even  in 
this  compressed  format,  the  bunch  train  still  requires  a  ring 
of  17  km  in  circumference.  To  limit  space  charge  effects 
in  this  large  ring,  the  design  energy  is  chosen  to  be  5  GeV. 
This  energy  still  allows  arcs  of  circumference  about  2  km, 
so  much  of  the  ring  can  be  straight.  To  reduce  cost,  this 
portion  is  placed  in  the  same  tunnel  as  the  main  linac. 


Advantages  and  disadvantages 

The  small  circumference  of  the  damping  ring  for 
JLC/NLC  and  CLIC  is  its  principal  advantage.  This  trans¬ 
lates  directly  into  a  cost  benefit,  as  the  technical  compo¬ 
nents  in  the  two  ring  options  are  similar,  at  least  in  the  arcs. 

The  small  ring  has  alignment  tolerances  similar  to  those 
of  conventional  synchrotron  radiation  rings  of  comparable 
size.  The  larger  size  of  the  TESLA  ring  makes  it  more 
sensitive  to  alignment  tolerances,  a  situation  which  is  the 
reverse  of  that  obtaining  for  the  linacs  of  the  two  options. 
In  the  TESLA  ring,  the  beam  must  be  coupled  to  generate  a 
round  cross  section  in  the  straight  sections,  to  reduce  space 
charge  tune  spread,  while  remaining  flat  to  high  precision 
in  the  arcs.  This  procedure  appears  feasible  but  is  certainly 
an  additional  complexity. 

The  use  of  an  undulator  source  for  TESLA  removes  the 
necessity  for  a  positron  pre-damping  ring.  However,  the 
positron  damping  ring  must  then  have  a  large  acceptance. 

Outstanding  technical  challenges 

Collective  effects  are  currently  thought  to  be  the  princi¬ 
pal  technical  challenge  for  the  damping  rings.  The  elec¬ 
tron  cloud  and  fast  ion  effects  may  generate  unacceptably 
large  single  and  multi-bunch  instabilities  and  tune  spreads. 
To  suppress  the  electron  cloud  effect,  the  vacuum  cham¬ 
ber  may  be  coated  with  materials  which  limit  the  sec¬ 
ondary  emission  yield.  Suppression  of  the  fast  ion  insta¬ 
bility  may  require  a  ringwide  vacuum  specification  as  low 
as  10“^o  Torr.  Elimination  of  classical  instabilities,  such 
as  the  microwave  instability,  requires  a  very  low  broadband 
impedance,  roughly  one-third  of  what  has  been  achieved  in 
existing  machines. 

Another  major  technical  challenge  for  the  damping  rings 
is  meeting  the  tight  vertical  emittance  requirement.  This  is 
particularly  challenging  for  CLIC.  It  requires  very  precise 
control  of  vertical  dispersion  and  coupling  in  the  rings,  at 
the  level  which  can  only  be  realized  through  beam-based 
alignment,  as  in  the  main  linacs.  Simulations  indicate  that 
this  is  achievable,  but  there  is  not  much  margin.  Experi¬ 
ments  at  the  ATF[4]  have  demonstrated  vertical  emittances 
close  to  that  required.  To  preserve  the  emittance  after  ex¬ 
traction,  variations  in  the  extraction  kicker  relative  field 
strength  must  be  limited  to  <  10~®. 

Particle  loss  is  an  issue  because  of  the  large  beam  power 
in  the  damping  rings.  The  dynamic  aperture  is  limited  by 
nonlinear  effects  associated  with  the  strong  wigglers  in  the 
rings.  Careful  design  of  the  wigglers  and  the  machine  lat¬ 
tice  is  needed  to  obtain  the  required  aperture.  This  is  par¬ 
ticularly  challenging  in  the  TESLA  positron  damping  ring. 

BEAM  DELIVERY  SYSTEMS 

The  beam  delivery  systems  transport  the  high  energy 
electron  and  positron  beams  from  the  ends  of  the  main 
linacs  to  the  interaction  point  (IP).  They  must  also  trans¬ 
port  the  post-collision  spent  beam  and  the  beamstralung 
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cleanly  to  beam  dumps.  Essential  elements  include  colli- 
mation  systems,  machine  protection,  the  final  focus,  spent 
beam  transport  lines,  and  beam  dumps. 

Options 

JLC/NLC  and  CLIC,  with  their  small  bunch  separation, 
are  required  to  have  a  crossing  angle  at  the  IP,  to  avoid  the 
multibunch  kink  effect.  Crab  cavities  are  used  to  prevent 
luminosity  loss.  The  crossing  angle  geometry  allows  the 
spent  beam  and  the  beamstralung  to  be  transported  in  a 
separate  channel  to  the  beam  dumps.  Because  of  the  ex¬ 
tremely  small  vertical  beam  size  at  the  IP,  jitter  in  the  final 
focus  quadrapoles  must  be  limited  with  an  active  stabiliza¬ 
tion  system. 

TESLA  has  a  large  bunch  separation  and  does  not  re¬ 
quire  a  crossing  angle.  The  current  design  uses  head-on 
collisions,  although  a  crossing  angle  solution  is  under  con¬ 
sideration.  The  spent  beam  and  beamstralung  are  trans¬ 
ported  out  of  the  interaction  region  through  the  incoming 
beam  final  focus  magnets.  Separation  into  a  spent  beam 
channel  is  accomplished  using  electrostatic  separators  and 
a  magnetic  septum. 

The  final  focus  optics  for  JLC/NLC  and  CLIC  has  a  non¬ 
zero  dispersion  function  through  the  final  doublet.  This 
allows  a  local  chromatic  correction  system  for  the  final  fo¬ 
cus.  TESLA  uses  a  more  conventional  optics,  without  local 
chromatic  control,  but  could  easily  adopt  the  other  design. 
Both  options  make  use  of  beam-beam  focusing  to  enhance 
the  luminosity. 

Advantages  and  disadvantages 

A  beam  delivery  system  with  a  crossing  angle  design  can 
deal  cleanly  with  the  high  power  spent  beam.  In  addition, 
a  locally  corrected  final  focus  system  has  a  number  of  ad¬ 
vantages:  stronger  dipoles  may  be  used,  and  collimation  of 
off-energy  particles  is  easier. 

The  TESLA  design,  with  its  head-on  collisions,  is  sim¬ 
pler  and  requires  no  crab  cavities.  On  the  other  hand,  it  is 
considerably  more  difficult  to  handle  the  spent  beam  and 
the  beamstralung,  as  they  must  share  the  beamline  with  the 
incoming  beam  in  the  interaction  region. 

Although  the  vertical  beam  size  in  TESLA  is  comparable 
to  that  in  JLC/NLC,  the  long  bunch  train  allows  bunch-by¬ 
bunch  feedback,  based  on  beam-beam  deflection  measure¬ 
ments,  to  correct  for  jitter,  so  that  active  stabilization  of  the 
final  focus  system  should  not  be  needed. 

TESLA  has  a  longer  bunch  length  than  JLC/NLC  or 
CLIC.  This  makes  the  luminosity  falloff  with  collision  off¬ 
set  more  severe,  and  also  increases  the  sensitivity  of  the 
luminosity  to  emittance  correlations.  This  problem  can  be 
partially  controlled  by  the  use  of  luminosity  optimization 
feedback  during  the  long  bunch  train,  but  this  requires  ac¬ 
curate  and  rapid  luminosity  monitoring. 


Outstanding  technical  challenges 

For  all  options,  a  major  challenge  is  the  development  of  a 
robust  collimation  system,  which  can  adequately  suppress 
background  sources  such  as  muons  and  synchrotron  radia¬ 
tion,  in  the  presence  of  complications  such  as  collimator- 
induced  Wakefields.  Since  it  constitutes  the  limiting  aper¬ 
ture,  the  collimation  system  must  also  be  integrated  into  the 
overall  machine  protection  system. 

For  JLC/NLC,  and  particularly  for  CLIC,  vibration  sta¬ 
bilization  of  the  final  focus  doublet  is  a  key  issue.  Clean 
delivery  of  the  spent  beam  and  the  beamstralung  to  the  ap¬ 
propriate  dumps  is  an  issue  for  all  options,  but  is  more  dif¬ 
ficult  for  a  head-on  crossing  design. 

CONCLUSIONS 

Designing,  building  and  operating  a  linear  collider  is  en¬ 
visioned  to  be  a  fully  international  effort  from  the  outset. 
Proponents  in  the  three  major  regions  with  interest  in  the 
project  (Asia,  Europe,  and  North  America)  have  formed 
steering  groups  to  develop  requirements  and  technology 
options  for  their  bid  to  host  the  project.  An  International 
Linear  Collider  Steering  Committee  has  been  formed  under 
the  auspices  of  the  International  Committee  for  Future  Ac¬ 
celerators.  This  committee  will  promote  the  construction 
of  the  linear  collider  as  an  international  project  by  develop¬ 
ing  a  global  consensus  on  the  requirements  and  helping  to 
facilitate  the  technology  choice  for  the  machine.  The  reso¬ 
lution  of  critical  R&D  issues  in  2004  would  open  the  way 
for  this  technology  choice.  Subsequently,  a  technically  lim¬ 
ited  schedule  for  a  collider  built  in  the  US  would  include  a 
project  design  and  engineering  phase  from  2006-2008,  fol¬ 
lowed  by  6-7  years  of  construction,  with  operation  starting 
in  2015-16. 
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